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Abstract 23 
 
This thesis explores sex-specific patterns in population abundance, demographic 24 
parameters, home range size and habitat use by Indo-Pacific bottlenose dolphins 25 
(Tursiops aduncus) off Bunbury, Western Australia. Photographic-identification data 26 
were collected year round between 2007-2013 through systematic boat-based 27 
surveys along pre-determined transect lines within a 540 km2 study area consisting 28 
of open coastal waters and sheltered waters. Chapter one provides background and 29 
outlines the specific aims of the thesis. In Chapter two, I estimated sex-specific 30 
population parameters of abundance, movement and survival using Pollock’s Robust 31 
Design. The estimated number of dolphins in the study area was seasonally 32 
dependent, and for identifiable adult males ranged from 24 (± 5.73 SE) to 50 (± 5.48 33 
SE) and for identifiable adult females from 28 (± 2.99 SE) to 60 (± 2.38 SE). The 34 
lowest abundance estimates coincided with both the strongest phase of an El Niño 35 
event and an unparalleled peak in dolphins temporarily emigrating out of the study 36 
area. In Chapter three, I explored sex-specific differences in home range size using a 37 
new approach for kernel density estimation that accounts for physical barriers to 38 
movements. A Bayesian mixture model indicated a 99% probability that adult males 39 
have larger home ranges than females (adult males 27-187 km2 and adult females 40 
20-133 km2), and that dolphins sighted primarily in open waters have larger home 41 
ranges than those residing in sheltered waters. In Chapter four, I used kernel density 42 
analyses and generalised additive models to explore seasonal space use and 43 
elucidate biotic and abiotic variables that influence seasonal habitat use differences 44 
between the sexes. I documented differing variables influencing habitat use between 45 
sexes and seasons, high use areas within the bay during summer, movements 46 
offshore and a concentration of females in the estuary during winter. I discuss 47 
factors that may explain the documented sex-specific differences in abundance, 48 
demographic parameters, home ranges and habitat use, including intrinsic (social 49 
dynamics, dolphin biology) and extrinsic (prey availability, predation risk, 50 
environmental variability) factors. My research emphasises the value and 51 
importance of a sex-specific approach when studying the behavioural ecology of 52 
coastal delphinids.  53 
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Chapter 1. General introduction 407 
 
Cetaceans (whales, dolphins and porpoises) are long-lived, slow growing, late to 408 
reproduce and have low-reproductive outputs (Evans and Stirling 2001). 409 
Odontocetes (toothed-whales) often have complex social systems that vary widely 410 
among species (Connor 2000). Killer whales (Orcinus orca), for example, remain in 411 
mixed-sex, natal groups that are permanent and highly structured (Bigg et al. 1990). 412 
Females exhibit prolonged post-reproductive lifespans to enhance the fitness of 413 
offspring through the transfer of ecological knowledge (Brent et al. 2015). In 414 
contrast, sperm whales (Physeter macrocephalus) form sexually segregated groups, 415 
where solitary males disperse from their natal group to the poles and mother-calf 416 
groups live a highly social life in the tropics (Whitehead and Weilgart 2000, Christal 417 
and Whitehead 2001). Social strategies of cetaceans may differ among species due 418 
to ecological factors, such as the distribution of prey, habitat resources, predation 419 
pressure, and by biological differences between the sexes (Gowans et al. 2008). 420 
 421 
In many mammals, parental investment is solely performed by the female (Clutton- 422 
Brock 1989). Female reproductive success is limited by metabolic costs of lactation, 423 
gestation and the caring for young (Clutton-Brock et al. 1989). The protection of 424 
young is particularly crucial for slow reproducing mammals, as young often have 425 
much higher mortality rates than adults and females typically produce a single 426 
offspring per cycle (Boness et al. 2002). With this large investment, evolutionary 427 
theory predicts that females will concentrate their efforts on ensuring the survival of 428 
their offspring (Boran et al. 2001), thus placing constraints on distribution and 429 
behaviour (Whitehead 1996, Whitehead 2003). Female distribution, behaviour and 430 
social relationships are therefore shaped by ecological parameters affecting 431 
offspring survival, such as resource distribution and predation risk (Wrangham 1980, 432 
Gaulin and Sailer 1985, Clutton-Brock 1989, Sterck et al. 1997). For example, the site 433 
fidelity of female Northern bottlenose whales (Hyperoodon ampullatus) to 434 
underwater canyons is linked to the distribution of their preferred prey of deep- 435 
water squid (Wimmer and Whitehead 2004). In contrast, adult males have higher 436 
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 2 
rates of movement between canyons and form long-term associations with other 437 
males, and both these characteristics are attributed to increasing mating 438 
opportunities with females (Gowans et al. 2001, Wimmer and Whitehead 2004). 439 
 440 
The potential for males to mate with multiple females depends on the spatial and 441 
temporal distribution of receptive females (Emlen and Oring 1977). Mammalian 442 
males generally provide no parental care allowing them to increase their efforts 443 
towards intra-sexual competition for females (Clutton-Brock 1989). By maximising 444 
the monopoly of receptive females, males increase their reproductive success 445 
(Emlen and Oring 1977), which leads to a polygynous mating strategy (Alcock 2005). 446 
To gain access to females, mammalian males employ different mating strategies, 447 
which differ among species (Clutton-Brock 1989). For example, males may exhibit 448 
female defence polygyny, where a solitary male accompanies a group of females and 449 
denies access to other males (i.e. Blainville’s beaked whales, Mesoplodon 450 
densirostris, McSweeney et al. 2007). Alternatively, males may form multi-male 451 
alliances and remain in an area to defend female ranges against other male groups 452 
(i.e. Risso’s dolphins; Grampus griseus; Hartman et al. 2008, Hartman et al. 2015). 453 
Males may also range widely to search for and consort with females, whilst 454 
simultaneously competing against other males (Clutton-Brock 1989, Whitehead 455 
1990). This larger movement of males than females is common among mammals, 456 
including elephants (Stokke and du Toit 2002) and orangutans (Singleton and van 457 
Schaik 2001). Males that range widely may consort females singularly, in groups or 458 
by forming long-term, cooperative alliances (i.e. Capuchin monkeys, Cebus 459 
capucinus, Perry 1998).  460 
 461 
The dichotomy between mammalian male and female strategies to increase 462 
reproductive success and survival can lead to sex-specific differences in social 463 
strategies, but also in demographic parameters, movement patterns and habitat use 464 
(Wrangham and Smuts 1980, Ruckstuhl and Neuhaus 2005). The strategies of 465 
chimpanzees (Pan troglodytes), for example, differ between the sexes leading to 466 
differences in space and habitat use (Wrangham and Smuts 1980). Female 467 
chimpanzees are more solitary and travel shorter distances to feed on insects, 468 
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 3 
whereas males are highly social and travel larger distances to hunt for meat 469 
(Wrangham and Smuts 1980, Pandolfi et al. 2003). Differences between the sexes in 470 
behavioural ecology can have important implications for the management and 471 
conservation of species.  472 
 473 
Sex-specific differences within a population can affect gene-flow, population viability 474 
and population dynamics (Ruckstuhl and Clutton-Brock 2005). Differences between 475 
the sexes could lead to conservation and management implications, as one sex may 476 
be more susceptible to threats over the other. A well-known example is the 477 
wandering albatross (Diomedea exulans), where sex-specific differences in foraging 478 
patterns cause sex-biased human induced mortality (Weimerskirch et al. 1997, 479 
Xavier and Croxall 2005). In South Georgia, female albatross forage further from the 480 
breeding colony than males, and as a consequence, females are faced with higher 481 
levels of bycatch with long-line fisheries (Xavier et al. 2004). This sex-dependent 482 
mortality results in lower survival rates of females compared to males, and may 483 
cause a decline in the number of breeding pairs (Xavier and Croxall 2005). Similarly, 484 
off Patagonia, marine mammals are incidentally caught in fishing activities (Crespo et 485 
al. 1997, Crespo et al. 2000, Dans et al. 2003). In these fishing activities, there is a 486 
sex-bias for dusky dolphins (Lagenorhynchus obscurus) towards females of high 487 
reproductive output (Crespo et al. 1997, Dans et al. 1997). However, the reasoning 488 
behind the sex-biased bycatch has not been determined. Overall, recognition that 489 
males and females can differ in their behaviour, distribution and/or habitat use, 490 
should lead to more thorough evaluation of potential sex-biased threats, ultimately 491 
leading to better informed conservation initiatives (Catry et al. 2005, Ruckstuhl and 492 
Clutton-Brock 2005).  493 
 494 
The principles in behavioral ecology outlined above establish a framework for the 495 
focus of this thesis which has the overall aim of exploring possible sex-specific 496 
patterns in abundance, demographic parameters, home range size and habitat use in 497 
Indo-Pacific bottlenose dolphins (Tursiops aduncus).  498 
 499 
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1.1. Study species: the Indo-Pacific bottlenose dolphin 500 
 501 
Tursiops aduncus occupies coastal waters, bays and estuaries in the Indian and 502 
western Pacific Oceans (Wang and Yang 2009). Tursiops aduncus was only recently 503 
described as a distinct species from the more cosmopolitan common bottlenose 504 
dolphin, T. truncatus (Rice 1998, LeDuc et al. 1999, Wang et al. 2000a, Wang et al. 505 
2000b). The species classification for Tursiops has long been in flux, and the 506 
taxonomic status of several sub-populations of Tursiops remain questionable (e.g., 507 
off South Africa and South Australia), possibly splitting the genus further (Natoli et 508 
al. 2004, Charlton-Robb et al. 2011). Recently, the Burrunan dolphin (T. australis) 509 
was described off south-eastern Australia (Charlton-Robb et al. 2011). However, 510 
until the taxonomy of the genus is resolved, there is strong support for applying only 511 
the T. aduncus and T. truncatus descriptions, to which this thesis conforms (Rice 512 
1998, LeDuc et al. 1999, Natoli et al. 2004). 513 
 514 
Tursiops aduncus differs from T. truncatus in that it is smaller, has a more elongated 515 
beak, and in some populations, has spotted ventral and lateral pigmentation (Ross 516 
and Cockcroft 1990). In the Indian and western Pacific Oceans, T. aduncus usually 517 
occupies shallower, coastal waters, whereas T. truncatus tends to inhabit deeper, 518 
offshore waters (Hale et al. 2000, Gibbs et al. 2011, Allen et al. In review). Tursiops 519 
aduncus populations are exposed to habitat degradation, incidental bycatch, 520 
hunting, prey depletion, pollution and coastal development (Reeves et al. 2003, 521 
Jefferson et al. 2009, Hammond 2012). With a lack of information available on 522 
populations of T. aduncus in many locations, the species is currently classified as 523 
‘Data Deficient` under the International Union for Conservation of Nature and 524 
Natural Resources (Hammond 2012).  525 
 526 
Difficulties in sex determination  527 
 528 
Sex differences in survival, movement, or behaviours may have important 529 
consequences in demography, mating and parental investment patterns (Pradel et 530 
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al. 2008). Knowledge of the sex of individuals is important and allows for a more 531 
holistic approach to explore ecological determinants driving any sex-based trends 532 
(Pradel et al. 2008). Sex determination in bottlenose dolphins, however, is not 533 
straight forward as T. aduncus is monomorphic (Hale et al. 2000, Kemper 2004), and 534 
although some populations of T. truncatus are sexually dimorphic in size, it is not 535 
noticeable in the field (e.g., Cockcroft and Ross 1990a, Read et al. 1993, Tolley et al. 536 
1995, Fernandez and Hohn 1998, Hale et al. 2000, Stolen et al. 2002). Sex 537 
determination is generally undertaken through molecular analyses of biopsy 538 
samples, underwater video, opportunistic surface observations of genitalia, or for 539 
females, repeated close association with a dependent calf (Mann 2000). Determining 540 
the sex of a sufficient proportion of a population to carry out sex-specific studies 541 
requires long-term field effort (Rowe and Dawson 2009, Morteo et al. 2014). Much 542 
of our understanding of sex-specific patterns in bottlenose dolphin social structure 543 
and movement ecology arises from long-term studies on T. truncatus in Sarasota 544 
Bay, USA (Wells 2014), which began in 1970, and on T. aduncus in Shark Bay, 545 
Australia, beginning over a decade later (Connor et al. 2000).  546 
 547 
Studies on bottlenose dolphins from different geographic regions help piece 548 
together an intriguing story of differentiation among populations (Connor et al. 549 
2000). Differences within and between bottlenose dolphin populations in 550 
behavioural ecology are most likely a result of habitat differences (i.e. open coastal 551 
habitats vs. sheltered habitats), basic priorities, such as mating strategies, prey 552 
availability and predation risk (Connor et al. 2000) and anthropogenic activities 553 
(Lusseau 2003a, Watson-Capps and Mann 2005, Ansmann et al. 2012).  554 
 555 
Life history and mating strategies 556 
 557 
Bottlenose dolphins are K-selected species as they are long-lived, slow-growing and 558 
exhibit delayed sexual maturation and produce few offspring per cycle (Reynolds et 559 
al. 2000). Females reach sexual maturity typically between the ages of five to 560 
thirteen years, and are spontaneous ovulators and seasonally polyestrous (Mann 561 
2000b, Wells 2003). Polyestrous cycling in females allows for multiple mating 562 
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opportunities, greater choice of mating partners and reductions in infanticide risk as 563 
a result of confusing paternity (Connor et al. 1996, Whitehead and Mann 2000, 564 
Connor and Krützen 2015). Bottlenose dolphins have a twelve-month gestation 565 
period, after which a single calf is born (Connor et al. 2000). Maternal investment 566 
lasts for several years and extends beyond the minimum period of lactation, 567 
suggesting further benefits such as social learning (Mann and Smuts 1999, Grellier et 568 
al. 2003). Therefore, as females invest heavily in each offspring, their distribution is 569 
heavily influenced by ecological parameters that influence calf survival, such as the 570 
distribution of resources (i.e. prey and protected habitat) and threats (i.e. predators 571 
and the mating strategies of males; Connor et al. 2000, Connor and Krützen 2015).  572 
 573 
Male bottlenose dolphins typically reach sexually maturity between eight to thirteen 574 
years of age (Wells et al. 1987). Like many other mammals, male dolphins do not 575 
invest in care of their offspring, and their reproductive success is limited by the 576 
number of females that they can successfully monopolise (Connor et al. 1996). 577 
Bottlenose dolphins are polygynous, and therefore, males compete with other males 578 
to maintain consortships with receptive females (Connor et al. 1996). Competition 579 
among males can be fierce and result in aggressive behaviours (Östman 1991, 580 
Connor and Smolker 1996, Parsons et al. 2003a, Scott et al. 2005). Overall, the 581 
distribution of mature males is heavily driven by the spatial and temporal 582 
distribution of receptive females (Connor and Krützen 2015).  583 
 584 
Social complexity 585 
 586 
Unlike species that live in groups of constant composition (e.g., killer whales), 587 
bottlenose dolphins live in a fission-fusion society, similar to that of chimpanzees 588 
(Pan troglodytes), spider monkeys (Ateles paniscus) and elephants (Loxodonta 589 
africana; McFarland 1986, Wrangham et al. 1993, Wittemyer et al. 2005; 590 
respectively). Fission-fusion societies favour the formation of complex social 591 
structuring, in which grouping patterns are frequently changing, and specific 592 
groupings may exist (Würsig and Würsig 1977, Wells et al. 1987, Lusseau et al. 2006, 593 
Aureli et al. 2008). The social structure of a species results from an optimisation to 594 
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maximise its fitness, and groupings may be related to prey availability, predation risk 595 
and the presence of cycling females (Lehmann and Boesch 2004). Groups of 596 
bottlenose dolphins typically consist of dolphins with similar age, sex and 597 
reproductive status, resulting in the formation of mother-calf, adult-male and mixed- 598 
sex juvenile groups (Wells et al. 1987, Smolker et al. 1992).  599 
 600 
Female bottlenose dolphins interact with an extensive network of other females in 601 
bands, including maternal kin (Wells et al. 1987, Duffield and Wells 1991, Möller et 602 
al. 2006). Females generally form associations with other females of similar 603 
reproductive status (Wells et al. 1987, Smolker et al. 1992, Möller and Harcourt 604 
2008, Frère et al. 2010). In contrast, adult males may form long-term alliances with 605 
other adult males that may or may not be related (Connor et al. 1992a, Krützen et al. 606 
2003, Parsons et al. 2003b, Wiszniewski et al. 2012). Males may form alliances as a 607 
strategy to cooperatively gain access to females and gain mutual protection from 608 
predatory sharks and aggressive conspecifics (Wells 2003). Male alliances herd, 609 
guard and use force to encourage females to mate (Smuts and Smuts 1993, Connor 610 
and Smolker 1996), with larger alliances being more reproductively successful 611 
(Wiszniewski et al. 2012).  612 
 613 
Male alliance formations have been identified for T. aduncus in Shark Bay and Port 614 
Stephens, Australia (Connor et al. 1992b, Möller et al. 2001), and for T. truncatus in 615 
Sarasota Bay, USA, and the Bahamas (Wells et al. 1987, Parsons et al. 2003b). In 616 
Shark Bay, male alliance formations consist of three levels: first-, second- and third- 617 
order alliances (Connor et al. 1992a, Connor et al. 2011). First-order alliances 618 
constitute a pair or trio of dolphins, second-order alliances are teams of two or more 619 
alliances, and third-order alliances are groups of second-order alliances (Connor and 620 
Krützen 2015). To facilitate their bonds, males use affiliative contact behaviours and 621 
synchronous surfacing behaviour (Connor et al. 2000, Connor et al. 2006). There are 622 
intra-specific variations among bottlenose dolphin populations, as adult males are 623 
found predominantly in pairs or are solitary in Sarasota Bay (Wells 1991). In contrast, 624 
alliance partners have not been identified at the extremes of the bottlenose dolphin 625 
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range, in populations in Moray Firth, Scotland (Wilson 1995), and Doubtful Sound, 626 
New Zealand (Lusseau et al. 2003, Lusseau 2007). 627 
 628 
Ecology (home range, prey and predators) 629 
 630 
Newly independent dolphins exhibit a high degree of site fidelity to a subset of their 631 
natal area before expanding their ranges (McHugh et al. 2011a, Tsai and Mann 632 
2013). Sex differences in ranging patterns emerge during the juvenile period 633 
(McHugh et al. 2011a), where adult males may have larger home ranges than adult 634 
females in order to maximise mating opportunities (Scott et al. 1990, Urian et al. 635 
2009). In the waters around Sarasota Bay, the home ranges of adult males vary from 636 
72–162 km2 (Owen et al. 2002, Urian et al. 2009), whilst for females, it varies from 637 
75–100 km2 (Urian et al. 2009, McHugh et al. 2011a). The larger home ranges for 638 
males suggest that males may be primarily responsible for gene flow among adjacent 639 
locations (Wells 2003).  640 
 641 
Bottlenose dolphins feed on a variety of prey, including fish, crustaceans, squid, 642 
octopus and cuttlefish (Barros 1990, Cockcroft and Ross 1990b, Gannon and Waples 643 
2004). Prey distribution and availability is a driving factor that shapes dolphin 644 
distributions (e.g., Acevedo-Gutierrez and Parker 2000, Allen et al. 2001, Hastie et al. 645 
2004, Elwen et al. 2010, Degrati et al. 2012, Degrati et al. 2013). Furthermore, 646 
dolphins are likely to employ strategies for optimal foraging to maximise net energy 647 
gain (Macarthur and Pianka 1966, Schoener 1971, Cezilly and Benhamou 1996). For 648 
example, when preferred prey is spatially and temporally predictable, as often found 649 
in complex inshore habitats, dolphins may maintain residence and have small home 650 
ranges (Gowans et al. 2008). In contrast, when prey is patchy and ephemeral, as in 651 
open coastal habitats, dolphins are likely have to range further in search of prey 652 
(Ballance 1992, Gowans et al. 2008, Silva et al. 2008). In addition, the daily food 653 
requirements of dolphins may differ by sex and age-class, thus resulting in sex- 654 
specific differences in space and habitat use (Rossman et al. 2015). In mature 655 
females, for example, gestation and lactation increases the needs for certain 656 
nutrients. Females may therefore have different prey preferences to other dolphins 657 
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(Bernard and Hohn 1989, Cockcroft and Ross 1990b, Gannon and Waples 2004).  658 
 659 
Bottlenose dolphins display a variety of foraging tactics, including shelling (Allen et 660 
al. 2011), crater feeding (Rossbach and Herzing 1997), mud plume feeding (Lewis 661 
and Schroeder 2003), strand feeding (Gisburne and Connor 2015) and other complex 662 
prey handling techniques (i.e. Finn et al. 2009). Foraging tactics vary among 663 
geographical locations and are likely linked to prey differences between areas. The 664 
tactics may be habitat-specific and/or sex-specific (Weiss 2006, Sargeant et al. 2007, 665 
Torres and Read 2009). Beach hunting and sponging, for example, are tactics mostly 666 
carried out by female T. aduncus in Shark Bay (Sargeant et al. 2005, Mann et al. 667 
2008, respectively). Beach hunting is undertaken by a limited number of females in 668 
shallow waters along sandy beaches to chase fish onto the shore. Whereas, sponging 669 
is a solitary strategy that requires a large amount of time spent foraging, mostly 670 
within deep water channels (Smolker et al. 1997). These foraging tactics may be 671 
passed down from mothers to calves through social learning (Sargeant and Mann 672 
2009). 673 
 674 
A classic problem of survival is being able to escape predators (Brown et al. 1999). 675 
Behavioural decisions on distribution and habitat are thus viewed as a trade-off 676 
between the perceived risk of predation and resource availability (Lima and Dill 677 
1990, Heithaus 2001a, Heithaus and Dill 2002). If predation risk varies among 678 
habitats, dolphins will not necessarily select habitats based on energetic return, but 679 
are likely to forage in ‘safer’ habitats (Heithaus and Dill 2002, Wirsing et al. 2008). 680 
However, the diet of dolphins and sharks often overlap (Acevedo-Gutierrez 2002). 681 
Dolphins may therefore employ behavioural responses in the presence of a 682 
predatory shark, such as a change in group composition or elicit flight responses 683 
(Heithaus 2001a).  684 
 685 
The main predators of bottlenose dolphins are sharks, including white (Carcharodon 686 
carcharias), bull (Carcharhinus leucas), dusky (Carcharhinus obscurus) and tiger 687 
sharks (Galeocerdo cuvier; Heithaus 2001b). However, predator species vary in their 688 
spatiotemporal distribution and abundance between geographical areas thus the risk 689 
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of predation differs among dolphin populations. The behavioural responses of 690 
dolphins may vary with shark species and circumstance (Lima and Dill 1990, Connor 691 
et al. 2000). However, there are few observations of direct predation attempts (e.g., 692 
Connor and Heithaus 1996, Mann and Barnett 1999, Gibson 2006). Generally, the 693 
level of predation in a dolphin population is indicated by failed predation attempts 694 
through shark-inflicted scars on dolphins (Heithaus 2001b, Melillo-Sweeting et al. 695 
2014).  696 
 697 
In dolphins, predation risk may affect sexes and age-classes differently (i.e. Lusseau 698 
2003b, Symons et al. 2014). For instance, females and calves may be more at risk to 699 
predation than other dolphins, due to their small size and dependency of the calf. In 700 
Shark Bay, one-third of calves bear shark bite wounds (Mann and Barnett 1999). 701 
Therefore, females with dependent calves may choose habitats based on a lower 702 
perceived predation risk (Connor et al. 2000, Mann 2000b, Mann and Watson-Capps 703 
2005). For example, preference for near-shore, shallow waters in order to distance 704 
vulnerable calves from predators and from potential harassment from males has also 705 
been documented for mother and calf pairs in Risso’s dolphins (Grampus griseus; 706 
Hartman et al. 2014), common dolphins (Delphinus delphis; Cañadas 2008), dusky 707 
dolphins (Lagenorhynchus obscurus; Garaffo et al. 2007, Weir et al. 2008) and 708 
southern right whales (Eubalaena australis; Elwen and Best 2004). Overall, the type 709 
of habitat, mating strategies and distribution of prey and predators contributes to 710 
the behavioural ecology of male and female bottlenose dolphins.  711 
 712 
1.2. Study area 713 
 714 
Bunbury is located in south-west Australia and is home to a resident population of 715 
T. aduncus (Smith et al. 2013). Since 2007, research has focussed on the dolphin 716 
population through the South West Marine Research Program (Murdoch University 717 
and partners). Previous research indicates that the abundance of adult and juvenile 718 
dolphins in Bunbury fluctuates seasonally, with lower numbers in winter (minimum = 719 
63; 95% CI = 59–73) than in summer or autumn (maximum= 139 individuals; 95% CI 720 
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134–148; Smith et al. 2013). The higher abundance of dolphins during summer and 721 
autumn corresponds with a peak in calving (Smith 2012) and a higher abundance and 722 
biomass of potential dolphin prey in the inner waters and coastal areas (McCluskey 723 
et al., unpublished data1). To investigate the abundance, biomass, and calorific 724 
content of potential dolphin prey, fish were sampled in the Leschenault Estuary, 725 
Koombana Bay and near-by coastal waters, using three types of fishing gear (seine 726 
nets, traps, and gill nets; McCluskey et al. unpublished data1). Bunbury has one of 727 
Western Australia’s largest commercial shipping ports and is a popular location for 728 
recreational water activities and dolphin-targeted tourism (Arcangeli and Crosti 729 
2009, Bunbury Port Authority 2013). A population viability analysis forecasts a 730 
declining dolphin population with a rapidly increasing extinction risk after about 150 731 
years, unless supported by immigration from adjacent populations (Manlik et al. in 732 
review). Fortunately, temporary immigration into the study area does occur (Smith 733 
et al. 2013), with genetic exchange between adjacent coastal populations (Daniel et 734 
al. In prep).  735 
 736 
1.3. Thesis aims 737 
 738 
The overall aim of this research is to explore possible sex-specific patterns in 739 
abundance, demographic parameters, home range size and habitat use of Indo- 740 
Pacific bottlenose dolphins in Bunbury, Western Australia.  741 
 742 
The specific aims of this thesis were to: 743 
 744 
1) Estimate sex-specific patterns in abundance, apparent survival and 745 
temporary emigration of dolphins and to investigate fluctuations in 746 
population parameters with environmental conditions (Chapter 2); 747 
2) Investigate sex-specific differences in home range size for adult dolphins, and 748 
explore whether dolphins could be partitioned into groups based on home 749 
range size (Chapter 3); 750 
                                                          
1
 McCluskey, Shannon. Murdoch University Cetacean Research Unit, unpublished data. 
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3) Examine the influence of biotic and abiotic factors on the seasonal spatial 751 
distribution and habitat use of adult male and adult female dolphins (Chapter 752 
4); 753 
4) Discuss sex-specific and seasonal patterns in the local dolphin population and 754 
make recommendations for future research directives (Chapter 5). 755 
 756 
In order to achieve these aims, the research in this thesis combines data from the 757 
South West Marine Research Program (2007-2013); the PhD research of Dr Holly 758 
Smith (2007-2009; Smith 2012), field data collected from research assistants, 759 
molecular data for sex-determination (Daniel et al. In prep) and my own data 760 
collected from 2011 to 2013.  761 
  
Chapter 2. Sex-specific patterns in abundance, movements 762 
and survival of Indo-Pacific bottlenose dolphins (Tursiops 763 
aduncus) 764 
 
2.0. Abstract  765 
 766 
This study provides insights into sex-specific patterns in abundance, movements and 767 
survival of Indo-Pacific bottlenose dolphins (Tursiops aduncus). Systematic, boat- 768 
based photo-identification surveys (n = 417) were conducted year-round from 2007- 769 
2013 in Bunbury, Western Australia. Pollock’s Robust Design was used to quantify 770 
population parameters for three data sets: adults and juveniles combined, adult 771 
females and adult males. For all datasets, abundance estimates varied by season, 772 
with a general low in winter or spring, and high in summer or autumn. The highest 773 
estimate for adults and juveniles was in summer 2010 (185; 95% CI 171–200) for 774 
adult females in autumn 2009 (60; 95% CI 57–68), and adult males in spring 2010 775 
(50; 95% CI 43–66). In winter 2009, there was an unprecedented decline in 776 
abundance of adults and juveniles (76; 95% CI 68–85), adult females (28; 95% CI 25– 777 
39) and adult males (24; 95% CI 18–43). The decline corresponded with the strongest 778 
phase of an El Niño event and a peak in dolphins temporarily emigrating out of the 779 
study area. Overall, dolphins had a Markovian movement pattern with similar values 780 
between sexes. The derived return rate (1-γ’) of temporary emigrants into the study 781 
area from the super-population was highest from winter to spring, indicating that 782 
dolphins had a high probability of return into the study area during spring. Apparent 783 
survival rates were constant and high across the study period for adult and juveniles 784 
(0.99 ± 0.002 SE), adult females (0.98 ± 0.004 SE) and adult males (0.99 ± 0.003 SE). 785 
This study demonstrated that 1) sex-specific modelling approaches allow for detailed 786 
insights into mechanisms driving population biology, 2) long-term, year-round 787 
studies provide comprehensive information on population trends and any anomalies 788 
therein, and 3) large-scale environmental variables can help explain fluctuations in 789 
population parameters. 790 
 791 
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2.1. Introduction  792 
 793 
Information on species abundance is ecologically important and an integral part for 794 
conservation and management (Wilson et al. 1999, Hammond et al. 2002). 795 
Population abundance is often estimated through distance sampling (Buckland et al. 796 
2001) and capture-recapture methods (Williams et al. 2002). The advantage of 797 
capture-recapture studies is that it allows for estimation of other important 798 
biological parameters, such as survival and temporary emigration (Kendall and 799 
Bjorkland 2001). Capture-recapture techniques include physically tagging, genetic 800 
tagging or photographic-identification (Photo-ID) of natural markings (Würsig and 801 
Jefferson 1990, Hammond 2009), including pigmentation spot patterns 802 
(Arzoumanian et al. 2005), pelage marks (Hastings et al. 2008), scars (Gilkinson et al. 803 
2007) and whisker patterns (Anderson et al. 2010). Photo-ID has been widely used 804 
across taxonomic groups, such as in mammals (Kelly 2001, Langtimm et al. 2004), 805 
reptiles (Schofield et al. 2008, Gardiner et al. 2014) and fish (Marshall and Pierce 806 
2012, Couturier et al. 2014). Photo-ID is a non-invasive method where animals are 807 
initially ‘captured’ through photographs, and subsequently matched through 808 
‘recaptures’ to create an individual’s capture history.  809 
 810 
Photo-ID is one of the most commonly used capture-recapture methods for 811 
estimating the abundance of cetaceans (Hammond 1990, Würsig and Jefferson 812 
1990). Natural markings in cetaceans include nicks and notches along the trailing 813 
edge of dorsal fins, pigmentation patterns and callosity patterns (Würsig and Würsig 814 
1977, Katona et al. 1979, Bigg 1982, Payne 1986). Photo-ID is most effective when a 815 
population has a high proportion of individuals with distinctive markings (Hammond 816 
2009). For populations with low mark rates (e.g., Hector’s dolphin Cephalorhynchus 817 
hectori), it is strongly advised that subtle marks are not used for identification 818 
(Bejder and Dawson 2001). By contrast, other species, such as bottlenose dolphins 819 
(Tursiops spp.) typically have high mark rates which is advantageous for this 820 
technique (e.g., Nicholson et al. 2012). 821 
 822 
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Capture-recapture models are most informative when integrated with 823 
supplementary information on study individuals, such as sex or age class, thereby 824 
allowing a more holistic interpretation of model outputs (Lebreton et al. 1992, 825 
Crespin et al. 2008, Pradel et al. 2008). A sex-specific approach to estimating 826 
abundance is useful for exploring ecological determinants driving any sex-based 827 
trends (Pradel et al. 2008, Baker et al. 2013). Sex differences in abundance, 828 
movement patterns, and survival may have important consequences in demography, 829 
mating and parental investment patterns (Pradel et al. 2008, Stanton and Mann 830 
2012), and could lead to management implications (e.g., Crespo et al. 1997, Xavier et 831 
al. 2004, Baird et al. 2015). However, identifying the sex of individuals in the field 832 
may be difficult, particularly for sexually monomorphic species (Pradel et al. 2008). 833 
Sex determination of bottlenose dolphins is difficult because their genitalia are 834 
typically not readily observable and there is a lack of obvious sexual dimorphism in 835 
size, colour and shape (Smolker et al. 1992, Connor et al. 2000). While bottlenose 836 
dolphins are one of the most extensively studied cetacean species, there are 837 
currently limited studies on sex-specific population parameters based on capture- 838 
recapture methods.  839 
 840 
Since 2007, research has been carried out on the T. aduncus population that reside 841 
along the coastal habitats of Bunbury, Western Australia (Smith et al. 2013). This 842 
area overlaps with one of the state’s largest commercial shipping ports and is a 843 
popular location for recreational water activities and dolphin-targeted tourism 844 
(Arcangeli and Crosti 2009, Bunbury Port Authority 2013). A population viability 845 
analysis forecasts a declining population with a rapidly increasing extinction risk after 846 
about 150 years, unless supported by immigration from adjacent populations 847 
(Manlik et al. in review). Fortunately, temporary immigration into the study area 848 
does occur (Smith et al. 2013), with genetic exchange between adjacent coastal 849 
populations (Daniel et al. In prep). Previous research highlights that the abundance 850 
of the Bunbury dolphin population fluctuates seasonally (Smith et al. 2013).  851 
 852 
The primary aim of this study was to quantify sex-specific patterns in abundance, 853 
movements and survival of T. aduncus in Bunbury, Western Australia. A sex-specific 854 
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capture-recapture approach was implemented following Pollock’s Robust Design 855 
(herein Robust Design; Pollock 1982), using photo-ID capture histories supplemented 856 
with genetic data. An additional aim was to investigate possible environmental 857 
factors influencing fluctuations in population parameters during the six-year study 858 
period.  859 
 860 
2.2. Methods 861 
 862 
2.2.1. Study site  863 
 864 
This study took place from March 2007–April 2013 in Bunbury (115°63’ E, -33°32’ S), 865 
south-western Australia (Figure 2.1). The Bunbury region is a temperate 866 
environment that typically experiences a Mediterranean climate with cool, wet 867 
winters and warm, dry summers. The study site encompassed 120 km2, extending to 868 
2 km from shore and 50 km along the coast, and consisted of three transects: Buffalo 869 
Beach, Back Beach and the Inner water transect (Figure 2.1). The Inner waters 870 
consisted of the Leschenault Inlet and Estuary, Inner and Outer Harbour, Koombana 871 
Bay and the lower reaches of the Collie River (Figure 2.1). Water depth ranged from 872 
< 1 m in the estuary to ~ 15 m offshore.  873 
 874 
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 875 
 876 
Figure 2.1. The study site (Bunbury, Western Australia; 120 km2) was divided into 877 
three transects: Buffalo Beach, Back Beach and the Inner water transect (see insert). 878 
Note the northern section of the Leschenault Estuary was too shallow for surveys. 879 
 880 
2.2.2. Data collection 881 
 882 
Photo-ID data were obtained from systematic boat-based surveys carried out across 883 
all seasons (austral calendar): summer (December–February), autumn (March–May), 884 
winter (June–August) and spring (September–November). Surveys were conducted 885 
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along pre-determined transect routes (Figure 2.1) at 10 knts using a 5 m research 886 
vessel with an 80 hp engine. Traversing a full transect was defined as a survey, with 887 
each dolphin group encounter termed a sighting. Surveys were undertaken in 888 
weather conditions with Beaufort sea states ≤ 3, and with two to five observers 889 
(median of four). While on transect observers scanned for dolphins out to 890 
approximately 250 m on either side of the vessel.  891 
 892 
During each sighting, an experienced researcher used a Nikon D300s camera with a 893 
300 or 400 mm lens and aimed to capture a photograph of every dolphin’s dorsal fin 894 
for identification (Würsig and Würsig 1977). For each group encounter, Global 895 
Positioning System (GPS) location, time, group composition and group size were 896 
recorded. A group was defined as one or more dolphins within 100 m of any other 897 
member involved in the same or similar behavioral activity (Smith 2012). Sex of 898 
individual dolphins was determined through one of three methods: molecular 899 
analyses from biopsy samples collected as part of a separate research project (Daniel 900 
et al. In prep); visual confirmation of the slit configuration of the genital area; or for 901 
females, repeated and consistent observations (>3 times) in the presence of a 902 
dependent calf. Age classes were based on three broad categories: calf, juvenile and 903 
adult. Categories were based on body size and behaviour (Gero et al. 2005, Smith 904 
2012). Following Smith (2012), adults were full-sized individuals, with sexually 905 
mature females indicated by the consistent presence of a calf. Juveniles were small- 906 
bodied compared to adults and not seen consistently besides an adult. Calves 907 
maintained close distances, often in baby-position with the mother.  908 
 909 
Environmental data 910 
 911 
Bunbury rainfall data and monthly values of the Southern Oscillation Index (SOI) 912 
were obtained from the Bureau of Meteorology (Bureau of Meteorology 2014b, 913 
Bureau of Meteorology 2014c). The SOI is a measure of strength of the El Niño 914 
Southern Oscillation (ENSO), where sustained values <-8 indicate El Niño events, and 915 
sustained values >+8 indicate La Niña events (Bureau of Meteorology 2014a).  916 
 917 
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2.2.3. Data processing: photographic-identification and photo grading 918 
 919 
Photographic images of each dorsal fin were used to identify dolphins by unique 920 
nicks and notches. Secondary markings (such as tooth rakes) were not used, as 921 
individuals may only be sighted from one side and rakes fade over time thus 922 
introducing heterogeneity (Lockyer and Morris 1990). Recaptures were matched to a 923 
fin catalogue using ACDSee 12 software and following the protocols from the 924 
Sarasota Dolphin Research Program (2006). To ensure correct identification for 925 
unbiased parameter estimates, photo-identification of each individual was double- 926 
checked by a minimum of two researchers. 927 
 928 
Photographs from Smith et al. (2013) during 2007-2009 were incorporated in this 929 
study and were reanalysed by implementing a grading system, which was not 930 
originally used. Thus, photographs of each individual in each sighting from 2007- 931 
2013 were graded for image quality and fin distinctiveness. Grading was carried out 932 
to ensure homogenous capture probabilities by accounting for heterogeneity (Urian 933 
1999, Friday et al. 2000, Stevick et al. 2001, Urian et al. 2015). Heterogeneity should 934 
be taken into account to avoid negative bias in abundance calculation (e.g., 935 
Nicholson et al. 2012, Tyne et al. 2014). Image quality affects the likelihood of 936 
recognising an individual, thereby affecting the probability of capture. Whereas, fin 937 
distinctiveness is important as some individuals are more recognisable than others, 938 
thus resulting in higher probability of capture (Hammond 1986). Four independent 939 
reviewers graded photographs following the protocols from Rosel et al. (2011; see 940 
Table 2.1). To ensure homogenous capture probabilities, only good and excellent 941 
photographs (Q1 and Q2) and distinctive (D1 and D2) dorsal fins were used in 942 
analysis. From these images, capture histories of individual dolphins were obtained 943 
and the subsequent capture-recapture analysis were carried out. 944 
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Table 2.1. Scoring system used to grade images by image quality and fin 945 
distinctiveness following Rosel et al. (2011). 946 
 Scoring system Final score 
Image quality Clarity/focus, contrast, angle of the fin 
to the camera, amount of fin visible 
and the proportion of the frame filled 
by the fin. 
Excellent quality (Q1), 
good quality (Q2) and 
poor quality (Q3). 
Fin 
distinctiveness 
Nicks and notches visible from either 
side of the dorsal fin were used to 
assign distinctiveness ratings for each 
dolphin in the catalogue. 
Highly distinctive (D1), 
moderately distinctive 
(D2) or unmarked (D3). 
 947 
2.2.4. Analysis methods  948 
 949 
Robust Design structure  950 
 951 
The Robust Design was implemented to estimate sex-specific survival rates, 952 
temporary emigration rates and abundance of the population (Pollock et al. 1990, 953 
Kendall and Nichols 1995, Kendall et al. 1997). In this study, population was defined 954 
as the number of individuals frequenting the study area (Williams et al. 2002). The 955 
Robust Design incorporates both open and closed population models and is 956 
structured to have open sampling events (termed “primary periods”) within which 957 
are multiple closed events (termed “secondary periods”). Between primary periods, 958 
the population is assumed to be open, allowing for births, deaths and permanent or 959 
temporary emigration and immigration. Within primary periods, the population is 960 
assumed to be closed, not allowing for births, deaths, emigration or immigration.  961 
 962 
Primary periods were based on austral seasons (i.e. four different primary periods 963 
per year), while the secondary periods were based on the number of days to 964 
complete the three transects (Figure 2.1). Incomplete transects, off-effort group 965 
sightings and re-sightings were not included in analyses. One sampling regime goal 966 
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was to complete secondary periods within the shortest time period possible 967 
(weather dependent) to enhance the probability of instantaneous sampling, an 968 
assumption of the Robust Design.  969 
 970 
Robust Design model assumptions 971 
 972 
All Robust Design capture-recapture models make the following assumptions for 973 
marked individuals: 1) marks are unique, permanent and correctly reported; and for 974 
all individuals (including unmarked individuals) there are 2) homogenous capture 975 
probabilities between individuals within a sampling occasion; 3) homogeneous 976 
capture and recapture probabilities, i.e. no trap response and no heterogeneity; 4) 977 
homogenous survival probabilities; 5) instantaneous sampling for secondary periods; 978 
6) the population is closed within primary periods; and 7) captures are independent 979 
between individuals (Pollock 1982, Pollock et al. 1990, Williams et al. 2002).  980 
 981 
To minimise violating the assumptions above, the following steps were taken: 1) 982 
unique and permanent nicks and notches were used to identify dolphins, and images 983 
were double-checked by two researchers to ensure correct identification; 2) grading 984 
was carried out to ensure homogenous capture probabilities; 3) capture and 985 
recapture was assumed to be homogenous as animals are not likely to exhibit 986 
behavioural responses as they are not physically captured (Parra et al. 2006a); 4) 987 
only adults were used in analyses to ensure survival probability, as survival rates can 988 
vary by age (Stanton and Mann 2012); 5) secondary periods were completed within 989 
the shortest time period possible for instantaneous sampling; 6) primary periods 990 
were structured as seasons rather than years to achieve closure, however this 991 
assumption will not be completely satisfied. The model assumption that captures are 992 
independent between individuals is most likely violated as the population is socially 993 
driven and capturing an individual may be increased by capturing its close associate 994 
(Nicholson et al. 2012).  995 
 996 
 997 
 998 
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Datasets used in capture-recapture modelling 999 
 1000 
Models were run on three different data sets: 1001 
a) Adults and juveniles combined (including individuals for which sex had not 1002 
been determined; excluding calves); 1003 
b) Adult females; and 1004 
c) Adult males. 1005 
 1006 
For comparison, analyses were conducted on a fourth dataset, which included all 1007 
known adults in the population including those of unknown sex (results outlined in 1008 
Appendix 1). For inclusion in the adult-only datasets, individuals were documented 1009 
as an adult from the onset of the study (2007). Further, thirteen adults were 1010 
included in the adult male model despite not having been visually confirmed or 1011 
genetically sexed as a male. This was justified based on long-term associations with 1012 
other known males. Elsewhere, adult male bottlenose dolphins form alliances as a 1013 
strategy to cooperatively gain access to adult females and optimise mating 1014 
opportunities (e.g., Wells et al. 1987, Connor et al. 1992b, Möller et al. 2001, 1015 
Parsons et al. 2003b). For example, in Shark Bay, USA, adult males in pairs and trios 1016 
are known as first-order alliances, forming strong bonds with association indices 1017 
ranging from 0.7 to 1 (0= never associated to 1= always associated; Connor et al. 1018 
1992a, Connor et al. 2000). In contrast, adult females form lower-level associations 1019 
with a larger number of females of similar reproductive state (Wells et al. 1987, 1020 
Smolker et al. 1992, Möller and Harcourt 2008, Frère et al. 2010). Here, strength of 1021 
associations was estimated according to the Half-Weight index (Cairns and Schwager 1022 
1987) and was calculated using SOCPROG 2.4 (Whitehead 2009; for analysis on 1023 
association patterns see Appendix 2).  1024 
 1025 
Robust Design models 1026 
 1027 
The Robust Design analyses were carried out using the program MARK (White and 1028 
Burnham 1999). Parameter estimations included: the probability of apparent survival 1029 
(φ), the probability of temporary emigration (γ”, γ’), the probability of first capture 1030 
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(p), the probability of recapture (c) and the abundance of animals that are in the 1031 
study area for each primary period ( ).  1032 
 1033 
Apparent survival was a maximum likelihood estimation of the apparent survival 1034 
from time i to i+1 (estimated between primary periods). Apparent survival 1035 
represents the product of true survival and fidelity (i.e. 1-permanent emigration). 1036 
Survival probabilities can vary by sex and age class (Baker et al. 2010). However, it is 1037 
assumed that there is equal probability of apparent survival across all individuals 1038 
(Burnham 1987, Lebreton et al. 1992). The sex-specific adult datasets therefore 1039 
satisfied this assumption, as only dolphins that remained in the adult age-class 1040 
throughout the duration of the study were selected. Apparent survival (φ) between 1041 
primary periods was modelled as constant over time (φ(.)) and varying by season 1042 
(φ(t)).  1043 
 1044 
Temporary emigration is the probability of being temporarily out of the study area if 1045 
the individual was present (γ”) or absent (γ’) in the previous primary period. Three 1046 
models of temporary emigration were considered. The first was Markovian 1047 
emigration, derived from the Markov process, where the probability of an individual 1048 
being a temporary emigrant in time i is dependent on whether it was present/absent 1049 
in the study area in time i-1 (Kendall et al. 1997). Markovian emigration results in a 1050 
temporally-structured process underlying the movements (Kendall and Bjorkland 1051 
2001). The second was random temporary emigration where both temporary 1052 
emigration parameters are equal (γ”=γ’) with no underlying sequential structure of 1053 
movement (Kendall et al. 1997). The influence of temporary emigration for both 1054 
Markovian and random models was examined as constant over time (.), time varying 1055 
over primary periods (t) or varying over austral season (season). Constraints were 1056 
placed on time-varying (φ(t)) Markovian and random models (i.e. γ”k = γ”k-1, y’k = γ’k- 1057 
1), so that all parameters could be identified (Kendall 2011). The Markovian and 1058 
random models were tested against the third; null model of no temporary 1059 
emigration (γ”= γ’=0; Kendall 2011, Kendall et al. 2012). The return rate (1-γ’) of 1060 
temporary emigrants into the study area from the super-population was also 1061 
derived. The super-population is defined as the total number of individuals that were 1062 
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present in the study site during the study (Crosbie and Manly 1985). 1063 
 1064 
Capture (p) and recapture (c) probabilities were assumed to be equal (p=c) as photo- 1065 
ID methods do not require physical capture of animals, thus, captures should not 1066 
affect recaptures (Boyd 2010). Capture probability was modelled as varying over 1067 
primary periods (p=c(t)) and not as constant (p=c(.)), since environmental conditions 1068 
were not constant over the whole study. Furthermore, capture probability was 1069 
modelled as constant within primary periods (p=c(t,.)) or varying within primary 1070 
periods by each secondary period (c=p(t,s)). See Appendix 3 for results and 1071 
discussion on capture probability.  1072 
 1073 
Overall, a combination of each parameter varying with time, season and constant 1074 
were used to build models i.e. 21 different models were run for each dataset: eight 1075 
time-varying Markovian; seven seasonally dependent Markovian; four random 1076 
movement and two no movement models. The Akaike Information Criterion (AICc) 1077 
was used for model selection, as this criterion adjusts for small sample sizes. Models 1078 
with the lowest AICc score were deemed to be most parsimonious (Burnham and 1079 
Anderson 2002, Burnham and Anderson 2004).  1080 
 1081 
Estimating the proportion of marked individuals  1082 
 1083 
Abundance estimates relate to the marked (D1 and D2) proportion of the population 1084 
( ̂ ). To estimate the total abundance of the population   ̂total), estimates were 1085 
adjusted to account for the proportion of individuals that were unmarked (D3). 1086 
Sightings in which all individuals were identified from excellent and good quality 1087 
photographs (Q1 and Q2) were pooled to calculate mark rate ( ̂). Mark rate is the 1088 
total of marked individuals divided by the total number of individuals i.e. including 1089 
unmarked individuals (excluding calves): 1090 
 1091 
 ̂   
                                           )
                                              
 
 1092 
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Mark rate was not calculated for the sex-specific models, as the sex of each 1093 
individual (marked or unmarked) in a group was unknown. The adult and juvenile 1094 
combined mark rate was not applied to the sex-specific models, as this could diffuse 1095 
adult trends by introducing bias. Bottlenose dolphins accumulate marks with age, 1096 
hence juveniles are typically not well marked compared to adults (Evans and 1097 
Hammond 2004, Urian et al. 2015). Therefore,  ̂  was reported for the sex-specific 1098 
models.  1099 
 1100 
For the most parsimonious adult and juvenile combined model, mark rate was 1101 
calculated by year, where  ̂ was used to adjust the estimated abundance of the 1102 
population to report ̂total: 1103 
 ̂      
 ̂ 
 ̂
 
 1104 
Standard errors for the total population size were calculated using the ‘delta 1105 
method’ (Seber 1982, Williams et al. 2002): 1106 
    ̂     )   √ ̂     
 (
    ̂ ) 
 ̂  
  
   ̂
  ̂
) 
 1107 
where     ̂ ) is the standard error of the marked population, and n is the total 1108 
number of individuals from which  ̂ was estimated (i.e. the cumulative number by 1109 
year). Log-normal 95% confidence intervals were calculated with upper and lower 1110 
bounds following Burnham et al. (1987): 1111 
 ̂     
  
 ̂     
 
   and   ̂    
   ̂       , 1112 
where      (     √  (  (
    ̂     )
 ̂     
)
 
)) 1113 
 1114 
 1115 
 1116 
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2.3. Results 1117 
 1118 
2.3.1. Sampling structure and survey effort 1119 
 1120 
In total, 25 primary periods and 139 secondary periods were included in abundance 1121 
modelling (Table 2.2). Secondary periods consisted of 417 complete surveys (Table 1122 
2.3), including 1,310 on-effort dolphin group sightings. The time to complete 1123 
secondary periods was weather dependent and ranged from 2–21 days (  ± SE; 6.81 1124 
± 0.57) between March 2007 and November 2009, and 1–12 days (4.07 ± 0.24 SE) 1125 
between December 2009 and April 2013. Thus, the assumption of closure within 1126 
secondary periods was more likely to have been met during the second half of the 1127 
study. The number of days between consecutive secondary periods (11 ± 1.0 SE) and 1128 
between primary periods (19 ± 3.0 SE) varied and was also dependent on weather.  1129 
 1130 
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Table 2.2. The number of secondary periods for each primary period from March 1131 
2007 to April 2013 by each season: summer (December-February), autumn (March- 1132 
May), winter (June-August) and spring (September-November). 1133 
 Primary Periods 
Year Summer Autumn Winter Spring 
2007 NA 3 3 2 
2007/8 9 5 6 4 
2008/9 8 7 4 3 
2009/10 6 7 6 7 
2010/11 6 6 6 6 
2011/12 6 6 6 6 
2012/13 6 3 NA NA 
 1134 
Table 2.3. Summary of annual survey effort covering the three transects that were 1135 
used for abundance modelling, from March 2007 to March 2013. Only on-effort 1136 
sightings from complete surveys were included.  1137 
Year # of surveys # of days # of months # of dolphin group sightings 
2007 29 28 10 114 
2008 73 73 12 235 
2009 69 69 12 242 
2010 81 62 12 204 
2011 72 64 12 217 
2012 69 65 12 225 
2013 24 22 04 73 
Total 417 383 73 1,310 
 1138 
2.3.2. Summary statistics for model datasets 1139 
 1140 
In the adults and juveniles combined dataset, a total of 229 dolphins (98 female, 70 1141 
male, 61 unknown sex) were highly (D1) or moderately (D2) distinctive. Towards the 1142 
end of the study, only a few new distinctive dolphins were identified (Figure 2.2). 1143 
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During each secondary period, the number of dolphins that were identified ranged 1144 
from 6–72 (34.47 ± 1.13 SE; Appendix 4). The sighting frequency of individual adult 1145 
and juvenile dolphins ranged from 1–82 (20.92 ± 1.21 SE; Figure 2.3). 1146 
 1147 
 1148 
Figure 2.2. Cumulative discovery curve of individuals for the complete dataset (adult 1149 
and juveniles, n = 229; Q1 and Q2, D1 and D2), from March 2007-April 2013 by 1150 
season (n = 139 secondary periods). 1151 
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 1152 
Figure 2.3. Sighting frequency of dolphins (Q1 and Q2, D1 and D2) from March 2007- 1153 
April 2013 for the adult and juveniles combined dataset (n = 229, 66 males, 97 1154 
females, 66 unknown sex), and adult female and adult male datasets (n = 81 and 59, 1155 
respectively). 1156 
 1157 
In the adult female dataset, there were 81 highly or moderately distinctive dolphins. 1158 
During each secondary period, the number of female dolphins identified ranged 1159 
from 3–36 (13.65 ± 0.48 SE; Appendix 4). The sighting frequency of adult females 1160 
ranged from 1–82 (23.42 ± 2.47 SE; Figure 2.3). Across all seasons, adult females 1161 
were sighted more frequently than adult males (Table 2.4). 1162 
 1163 
In the adult male dataset, there were 59 highly or moderately distinctive dolphins 1164 
(46 of known sex through genetic analyses and 13 through documentation of alliance 1165 
members; Appendix 2). The number of male dolphins identified during each 1166 
secondary period ranged from 0–23 (7.77 ± 0.46 SE; Appendix 4). The sighting 1167 
frequency of adult males ranged from 1–52 (18.31 ± 1.75 SE; Figure 2.3).  1168 
 1169 
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Table 2.4. The mean number of sightings ± standard error, for the adult female and 1170 
adult male datasets pooled for each season. In parentheses, the mean number of 1171 
sightings was standardised per number of secondary periods for summer, autumn, 1172 
winter and spring (n = 43, 37, 31 and 28, respectively). 1173 
Dataset Summer Autumn Winter Spring 
Males  
(n = 59) 
7.17 ± 0.86 
(0.17) 
5.10 ± 0.49 
(0.14) 
2.27 ± 0.27 
(0.07) 
3.76 ± 0.41 
(0.13) 
Females  
(n = 81) 
8.80 ± 0.91 
(0.20) 
6.04 ± 0.60 
(0.16) 
4.23 ± 0.57 
(0.14) 
4.35 ± 0.55 
(0.16) 
 1174 
2.3.3. Robust Design abundance estimates 1175 
 1176 
Best-fitting abundance models 1177 
 1178 
The best-fitting model for the combined adult and juvenile dataset was 1179 
φ(.)γ’’(t)≠γ’(t)p=c(t,s) with constant survival, time varying Markovian emigration and 1180 
time varying capture probabilities within primary periods (Table 2.5; Appendix 5). By 1181 
contrast, the best-fitting models for the adult female and adult male datasets had 1182 
seasonally dependent Markovian emigration, φ(.)γ’’(season)≠γ’(season)p=c(t,s) 1183 
(Table 2.5; Appendix 5). 1184 
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Table 2.5. Robust Design model summary displaying the top three models in rank order for a) adults and juveniles combined, b) adult 1185 
females and c) adult males, with apparent survival (φ), Markovian (γ’’≠γ’) emigration, and probability of capture (p) and recapture (c). 1186 
Models AICc AICc AICc weight Parameters Deviance 
Adults and juveniles combined      
φ(.) γ’’(t)≠γ’(t) p=c(t,s) 4345.9 0.0 0.999 212 19724.6 
φ(.) γ’’(t)≠γ’(.) p=c(t,s) 4366.3 20.4 0.000 190 19808.5 
φ(.) γ’’(season)≠γ’(season) p=c(t,s) 4366.6 20.7 0.000 173 19855.9 
Adult females       
φ(.) γ’’(season)≠γ’(season) p=c(t,s) 3657.1 0.0 0.999 172 7454.6 
φ(.) γ’’(.)≠γ’(t) p=c(t,s) 3681.0 23.9 0.000 188 7434.2 
φ(.) γ’’(season)≠γ’(.) p=c(t,s) 3681.0 24.0 0.000 169 7486.7 
Adult males       
 φ(.) γ’’(season)≠γ’(season) p=c(t,s) 2583.5 0.0 0.799 173 4790.8 
φ(.) γ’’(season)≠γ’(.) p=c(t,s) 2586.8 3.3 0.156 170 4802.2 
φ(.) γ’’(.)≠γ’(.) p=c(t,s) 2589.3 5.9 0.044 167 4812.9 
Chapter 2. Abundance and population parameters   
 
 32 
Abundance estimates and summary of Southern Oscillation Index and rainfall data 1187 
 1188 
Mark rate for the combined adult and juvenile dataset varied by year, with a low of 1189 
0.80 in 2010 and a high of 0.90 in 2008 (Appendix 6). The total number of adults and 1190 
juveniles combined ( ̂     ) varied by season, with an unprecedented low in winter 1191 
2009 (76.23 ± 7.32 SE; 95% CI 67.99-85.48), and high in summer 2010 (184.78 ± 4.46 1192 
SE; 95% CI 170.97-199.70; Figure 2.4; Appendix 6). 1193 
 1194 
Sustained SOI values were below -8 from May 2009–March 2010, which was 1195 
indicative of a weak to moderate El Niño event (Figure 2.4b). During the strongest 1196 
phase of the El Niño event in winter 2009, the estimated abundance of dolphins 1197 
declined to its lowest record during the study period for adults and juveniles 1198 
combined (76.23 ± 7.32 SE; Figure 2.4b), and adult males and females (24.02 ± 5.73 1199 
SE, 27.79 ± 2.99 SE, respectively; Figure 1.5). At the corresponding time, there was 1200 
an unparalleled peak in γ” from autumn to winter 2009 (Figure 2.4a), implying that 1201 
dolphins present in the study area were temporary emigrants during winter. 1202 
Additionally, there were three La Niña events (> +8) during the study period: a 1203 
moderate event from June 2007–February 2008, a weak event from August 2008– 1204 
April 2009 and moderate-strong event from April 2010–March 2012 (Figure 2.4b). 1205 
Dolphin abundance appeared stable and fluctuated by season during La Niña events. 1206 
 1207 
Rainfall was lowest during summer and highest during winter, typical of a 1208 
Mediterranean climate. The year that brought the lowest and highest average 1209 
seasonal rainfall was 2009 (summer = 8 mm and winter = 158 mm; Figure 2.4c). This 1210 
high average rainfall was driven by an above average rainfall in June of 224 mm (i.e. 1211 
the average rainfall in June from 2007-2012 was 123 mm), and corresponded with 1212 
the strongest phase of El Niño (Figure 2.4b) and the greatest decline in abundance 1213 
and temporary emigration of dolphins out of the study area (Figure 2.4a). 1214 
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 1218 
Figure 2.4. A time-series of seasonal abundance estimates ( ̂     ) for adults and 1219 
juveniles combined with a) the probability of being out of the study area if the 1220 
individual was present (γ”) in the previous secondary period, b) mean seasonal 1221 
Southern Oscillation Index values and c) mean seasonal rainfall. For SOI values, 1222 
sustained values < -8 represent El Niño conditions (May 2009-March 2010) and 1223 
values > +8 represent La Niña conditions (April 2010 to March 2012). Lines between 1224 
data points of the seasonal mean have been used for illustrative purposes only; 1225 
continuity of values is not implied. Vertical lines show 95% confidence intervals. 1226 
 1227 
The estimated number of marked ( ̂ ) adult females and males varied between 1228 
sexes and by season. Abundance estimates for both sexes, were on average lowest 1229 
during winter and spring and highest during summer and autumn. For adult females, 1230 
estimates were consistent among years for spring, apart from an outlier in 2012 with 1231 
a low of 26.57 (± 1.24 SE; 95% CI 26.04-33.58). There was also a low in winter 2009 1232 
(27.79 ± 2.99 SE; 95% CI 24.97-38.84). The highest estimate was in autumn 2009 1233 
(59.56 ± 2.38 SE; 95% CI 57.08-67.70; Figure 2.5).  1234 
 1235 
For adult males, abundance estimates were quite consistent for autumn; however, 1236 
they were variable among years for the remaining seasons. Spring had the largest 1237 
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variation among years, with an extreme low in 2009 (24.02 ± 5.73 SE; 95% CI 17.88- 1238 
43.26) and a high in 2010 (50.16 ± 5.48 SE; 95% CI 43.24-66.24; Figure 2.5). There 1239 
was also a similar case to adult females, with a low in winter 2009 corresponding 1240 
with the El Niño (28.37 ± 14.26; 95% CI 13.50-77.72).  1241 
 1242 
 1243 
Figure 2.5. Seasonal abundance estimates ( ̂ ) for a) adult females and b) adult 1244 
males. For display purposes, the upper interval for the initial estimate of adult males 1245 
was truncated (upper 95% CI 142.42). Vertical lines represent 95% confidence 1246 
intervals. 1247 
 1248 
2.3.4. Temporary emigration patterns 1249 
 1250 
Markovian models performed better than both random temporary emigration and 1251 
no-movement models (Table 2.5). Movement for the adult and juvenile population 1252 
had time-varying temporary emigration, whereas adult females and adult males had 1253 
seasonally dependent temporary emigration. Values for temporary emigration in 1254 
and out of the study area were similar across datasets. Further, the probability of a 1255 
dolphin being out of the study area if the individual was absent (γ’) in the previous 1256 
sampling occasion was higher than if the individual was present (γ”; Table 2.6). This 1257 
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implied that dolphins temporarily emigrated out of the study area but subsequently 1258 
returned.  1259 
 1260 
For γ’, there was a peak from summer to autumn across all datasets (Table 2.6). 1261 
Adult male γ’ values were lower than adult females across seasons, apart from 1262 
summer to autumn. The derived return rate (1-γ’) of temporary emigrants into the 1263 
study area from the super-population was highest from winter to spring for all 1264 
datasets (adult and juvenile = 0.574, adult females = 0.533, adult males = 0.624), 1265 
indicating that dolphins had a high probability of return into the study area during 1266 
spring.  1267 
 1268 
For γ”, there was variability in the lows and highs among datasets (Table 2.6). For the 1269 
adult and juvenile population, on average γ” was lowest from winter to spring (Table 1270 
2.6). γ” had an extreme peak from autumn to winter 2009 of 0.57 (± 0.05 SE), 1271 
implying that dolphins present in the study area were temporary emigrants during 1272 
winter, corresponding with an unprecedented decline in abundance (Figure 2.4a). 1273 
For adult females, γ” had a general low from spring to summer (0.099) and a high 1274 
from autumn to winter (0.264). For adult males, γ” had a low from winter to spring 1275 
(0.057) and a high from spring to summer (0.318). Adult male γ” values were lower 1276 
than adult females across seasons, apart from spring to summer. 1277 
 1278 
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Table 2.6. Temporary emigration for three datasets: adults and juveniles combined 1279 
(mean of time varying values), adult females and adult males. The highest values are 1280 
displayed in bold and the lowest values are italicised for the probability of being out 1281 
of the study area if the individual was present (γ”) or absent (γ’) in the previous 1282 
secondary period. Standard errors indicated in parentheses. 1283 
Dataset 
Adults and juveniles 
combined 
Adult females Adult males 
Temporary 
emigration 
γ” γ’ γ” γ’ γ” γ’ 
Autumn- 
winter 
0.248 
(0.061) 
0.736 
(0.073) 
0.264 
(0.039) 
0.766 
(0.057) 
0.213 
(0.069) 
0.666 
(0.107) 
       
Winter- 
spring 
0.006 
(0.004) 
0.426 
(0.008) 
0.112 
(0.035) 
0.467 
(0.059) 
0.057 
(0.081) 
0.376 
(0.089) 
       
Spring-
summer 
0.135 
(0.047) 
0.571 
(0.142) 
0.099 
(0.026) 
0.469 
(0.084) 
0.318 
(0.042) 
0.381 
(0.074) 
       
Summer- 
autumn 
0.138 
(0.058) 
0.928 
(0.006) 
0.131 
(0.031) 
0.997 
(0.089) 
0.086 
(0.038) 
1.000 
(0.000) 
 1284 
2.3.5. Survival estimates  1285 
 1286 
The survival rate estimates were close to 1 at 0.99 (± 0.002 SE, 95% CI 0.98-0.99), 1287 
0.98 (± 0.004 SE, 95% CI 0.97-0.99) and 0.99 (± 0.003 SE, 95% CI 0.98-0.10) for adults 1288 
and juveniles combined, adult females and adult males, respectively. This suggests 1289 
there is little or no permanent emigration. 1290 
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2.4. Discussion 1291 
 1292 
This study provides insights into sex-specific population dynamics of T. aduncus. The 1293 
results highlight i) that abundance estimates and temporary emigration rates varied 1294 
between sexes and among seasons; ii) an unprecedented decline in abundance 1295 
during winter 2009 which could be linked to El Niño conditions; and iii) that survival 1296 
was constant and high, suggesting little or no permanent emigration. Differences in 1297 
abundance between sexes, among seasons and years could be a reflection of both 1298 
intrinsic (dolphin biology and social dynamics) and extrinsic factors (such as prey 1299 
distribution and environmental variability).  1300 
 1301 
2.4.1. Abundance estimates and temporary emigration varied between sexes and 1302 
among seasons 1303 
 1304 
Results show differences in abundance between sexes and among seasons, with 1305 
estimates lower in winter and higher in summer or autumn. For the combined adult 1306 
and juvenile population, the overall abundance estimate (scaled up based on mark 1307 
rate) documented a low in winter 2009 of 76 dolphins (95% CI 68–85) and a high in 1308 
summer 2010 of 185 dolphins (95% CI 171–200). The expansion of the dataset from 1309 
three years (Smith et al. 2013) to six years (this study) made slight differences to 1310 
overall abundance estimates. Smith et al. (2013) reported abundance estimates for 1311 
adult and juveniles on images that were not graded using the Rosel et al. (2011) 1312 
protocols and did not use a mark rate adjustment, however, reported on comparably 1313 
similar estimates, with a low in winter 2007 of 63 (95% CI 59–73) and a high in 1314 
autumn 2009 of 139 adult and juveniles (95% CI 134–148).  1315 
 1316 
Seasonal differences in abundance have also been reported in T. truncatus 1317 
populations with varying patterns. For example in Florida, there is an increase in 1318 
abundance during summer in Sarasota (Fazioli et al. 2006), an increase during winter 1319 
in the Indian River Lagoon (Durden et al. 2011) and an increase in spring and autumn 1320 
in St. Joseph Bay (Balmer et al. 2008). However, seasonal differences in abundance 1321 
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are not always the case and have not been documented for T. truncatus in Doubtful 1322 
Sound, New Zealand (Williams et al. 1993) and San Diego, USA (Defran and Weller 1323 
1999). These contrasts demonstrate a large degree of inter- and intra-population 1324 
variation in seasonal abundance patterns, which highlight the importance of 1325 
incorporating seasonal data collection into sampling regimes. 1326 
 1327 
The combined adult and juvenile population had time-varying Markovian emigration, 1328 
whereas adult females and adult males had seasonally dependent Markovian 1329 
emigration. These results echo Smith’s et al. (2013) findings that dolphins in Bunbury 1330 
have a structured movement pattern, with high temporary emigration out of the 1331 
study area (i.e. the probability of a dolphin being out of the study area if the 1332 
individual was absent (γ’) in the previous sampling occasion was higher than if the 1333 
individual was present (γ”)). In this study, temporary emigration patterns were 1334 
similar across datasets, which was unexpected. Specifically, it was suspected there 1335 
would be greater differences between the sexes. The derived return rate (1-γ’) of 1336 
temporary emigrants from the super-population was highest from winter to spring, 1337 
indicating that dolphins had a high probability of return into the study area during 1338 
spring. Temporary emigration was most likely the result from dolphins utilising larger 1339 
home ranges than the 120 km2 study area (i.e. adult male home ranges are up to 180 1340 
km2; Sprogis et al. In press; Chapter 3). Dolphins therefore moved in and out of the 1341 
study area from the super-population, highlighting the need for temporary 1342 
emigration to be taken into account during abundance estimation.  1343 
 1344 
2.4.2. Biological factors affecting fluctuations in sex-specific abundance estimates 1345 
 1346 
The documented sex-specific pattern in seasonal abundance is likely partly explained 1347 
by the social dynamics of the study species including mating strategies and seasonal 1348 
breeding patterns. Most coastal bottlenose dolphin populations live in fission-fusion 1349 
societies with sex-specific associations (Wells et al. 1987, Connor et al. 2000, Connor 1350 
et al. 2001). Adult females typically form associations with other females of similar 1351 
reproductive state and overlapping home ranges (Wells et al. 1987, Smolker et al. 1352 
1992, Möller and Harcourt 2008, Frère et al. 2010). In Bunbury, the strength of adult 1353 
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female-female associations peak during summer and autumn months which coincide 1354 
with the peak in calving (Smith 2012). In contrast, adult males may form strong year- 1355 
round, long-term alliances to optimise access to reproductive females (e.g., 1356 
Appendix 2; Wells et al. 1987, Connor et al. 1992b, Möller et al. 2001, Parsons et al. 1357 
2003b). Alliance members form temporary consortships with reproductive females 1358 
(Connor et al. 1996), and herd, guard and use force to encourage mating (Smuts and 1359 
Smuts 1993, Connor and Smolker 1996).  1360 
 1361 
Similar to other polygynous mating systems (Greenwood 1980, Gaulin and Fitzgerald 1362 
1989), in order to increase encounter rates with reproductive females, adult males 1363 
generally have larger home ranges than females (Urian et al. 2009, Sprogis et al. In 1364 
press; Chapter 3). Due to the larger home ranges of adult males, sighting frequencies 1365 
were lower for males compared to adult females (also see Chapter 4), thus 1366 
contributing to the generally lower abundance estimates of males compared to 1367 
females reported in this study. Furthermore, in Bunbury, dolphins display a diffuse 1368 
breeding season peaking in summer and autumn (Smith 2012), which likely to 1369 
contribute to temporal differences in abundance estimates. Therefore, due to the 1370 
diffuse breeding season (Perrin and Reilly 1984, Urian et al. 1996), the complex 1371 
nature of the female reproductive schedule and type of male mating strategies 1372 
employed in a population, abundance estimates may vary temporally between 1373 
sexes.  1374 
 1375 
2.4.3. Environmental factors affecting fluctuations in abundance 1376 
 1377 
There was a general decrease in dolphin abundance across datasets during winter. 1378 
Consistent with other T. truncatus studies, similar movements out of study areas 1379 
occurred in winter, likely in response to fluctuations in prey distribution and 1380 
availability (e.g., Maze and Würsig 1999, Fazioli et al. 2006, Speakman et al. 2010). In 1381 
the inner waters of Bunbury, potential dolphin prey is less abundant during winter 1382 
compared to summer (McCluskey et al., unpublished data2). It is likely that dolphins 1383 
                                                          
2
 McCluskey, Shannon. Murdoch University Cetacean Research Unit, unpublished data. 
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temporarily emigrate out the study area in search of the necessary prey resources 1384 
during winter (i.e. dolphins were observed >10 km from the coast, Chapter 4). This 1385 
behaviour may be associated with the Leeuwin Current, which is strongest during 1386 
the winter months and transports warm, low salinity waters pole-wards (Godfrey 1387 
and Ridgway 1985, Pearce and Phillips 1988, Cresswell and Griffin 2004). The current 1388 
is relatively nutrient poor, as upwelling is largely supressed. Pulses of nutrients and 1389 
productivity can occur, however, through the entrainment of nutrient rich shelf 1390 
waters and the development of eddies (Hanson et al. 2005, Koslow et al. 2008). Thus 1391 
dolphins may temporarily emigrate out of the study area to search further afield for 1392 
prey associated with the current, which has influenced the recruitment and 1393 
distribution of a number of fish species (Lenanton et al. 1991, Caputi et al. 1996). 1394 
This could explain the consistent lower dolphin abundance in the study area during 1395 
this time of year. Further investigation into offshore dolphin movements and prey 1396 
availability are necessary to examine whether the extent of dolphin movements 1397 
during winter is driven by prey availability, and if this differs for males and females. 1398 
 1399 
Environmental variability can also influence the abundance and movement patterns 1400 
of cetacean populations (e.g., Wells et al. 1990, Stenseth et al. 2002, Lusseau et al. 1401 
2004, Miller et al. 2010, Fury and Harrison 2011a, McHugh et al. 2011b). For 1402 
example, two major hurricanes in the Bahamas caused a significant drop in the 1403 
abundance of resident T. truncatus (Elliser and Herzing 2011). In the Bunbury study, 1404 
there was an unprecedented decline in dolphin abundance during winter 2009, 1405 
which might be explained by a large-scale change in environmental conditions. The 1406 
decline coincided with the strongest phase of an El Niño event and an unparalleled 1407 
peak in dolphins temporarily emigrating out of the study area. During El Niño, the 1408 
Leeuwin Current is weaker and is associated with cooler than normal sea surface 1409 
temperatures (Feng et al. 2009). It is possible that when the Leeuwin Current is 1410 
weaker, dolphins need to search further afield for prey, thus temporarily emigrating 1411 
out of the study area. Similarly, El Niño events affect delphinid movement patterns 1412 
in other locations, such as along the coast of California (Wells et al. 1990, Benson et 1413 
al. 2002), New Zealand (Neumann 2001) and the Eastern Tropical Pacific (Reilly and 1414 
Fiedler 1994).  1415 
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 1416 
In unison with the El Niño event, an above average rainfall across the region may 1417 
have placed additional stressors on the dolphin population (e.g., high fresh water 1418 
run-off may alter environmental conditions that cause physiological stress). Across 1419 
autumn to spring 2009 (April to November), five of 14 resident Bunbury inner water 1420 
dolphins were confirmed dead, and three were presumed dead (Holyoake et al. 1421 
2010). Additionally, during this time six of the 17-18 resident dolphins died in the 1422 
Swan River in Perth, located approximately 180 km north of Bunbury (Holyoake et al. 1423 
2010, Chabanne et al. 2012, Stephens et al. 2014). For two of these dolphin deaths, 1424 
reduced salinity from high rainfall may have assisted the progression of a poxvirus, 1425 
which thereby induced fatal skin lesions (the first clinically identified presence of 1426 
poxvirus within cetaceans from Western Australia; Holyoake et al. 2010). Further, on 1427 
the east coast of Australia, enhanced levels of fresh water and runoff during flood 1428 
events contributed to T. aduncus leaving estuaries and delaying their return (Fury 1429 
and Harrison 2011a). The dolphins’ return may have been delayed due to the 1430 
delayed return of their prey under higher salinity conditions and/or due to their 1431 
physiological health, including the development of poxvirus (Fury and Harrison 1432 
2011a, Fury and Reif 2012). Therefore, it is possible that an above average rainfall 1433 
and other associated El Niño conditions may have contributed to changes in the 1434 
ecosystem, hence the unparalleled peak in dolphin movements out of the study area 1435 
and subsequent decline in abundance.  1436 
 1437 
Following the environmental conditions described above, the abundance of adult 1438 
females increased, from 27 (95% CI 25-39) dolphins in winter to 42 (95% CI 37-57) in 1439 
spring. In contrast, the abundance of adult males declined from 28 (95% CI 14-77) in 1440 
winter to 24 (95% CI 18-43) in spring. One cannot speculate as to why adult male 1441 
abundance did not increase during the spring. During the first three years (2007- 1442 
2009) of the study, Smith et al. (2013) suggested that the general increase in 1443 
abundance during summer or autumn was driven by an influx of males into the study 1444 
area. However, from the current study it appears that the pronounced seasonal 1445 
changes in abundance were driven by environmental conditions. These findings 1446 
emphasise the value of long-term monitoring studies to evaluate population trends 1447 
Chapter 2. Abundance and population parameters   
 
 43 
and identify possible large-scale environmental drivers (e.g., Fearnbach et al. 2012, 1448 
Cheney et al. 2014). Continued monitoring of this dolphin population is important, as 1449 
the strength of the Leeuwin Current and distribution of prey are associated with 1450 
climate-driven ocean variability (Feng et al. 2009), which may be affected by global 1451 
warming (Latif and Keenlyside 2009) and an increase in frequency of El Niño events 1452 
(Cai et al. 2014). 1453 
 1454 
2.4.4. Survival was high and constant 1455 
 1456 
The most parsimonious models estimated constant and high apparent survival 1457 
probabilities. For the combined adult and juvenile dataset, the model estimated a 1458 
constant apparent survival estimate of 0.99 (± 0.002 SE), which was higher than the 1459 
first three years of the study (0.95 ± 0.02 SE; Smith et al. 2013). For adult females 1460 
and adult males, the model estimated a constant apparent survival estimate of 0.98 1461 
and 0.99, respectively (± 0.004 SE, ± 0.003 SE, respectively). High survival 1462 
probabilities suggest little mortality and/or no permanent emigration of individuals. 1463 
Permanent emigration for bottlenose dolphins is generally low, as there is indication 1464 
for natal site philopatry (Scott et al. 1990, Duffield and Wells 1991, Smolker et al. 1465 
1992). If permanent emigration approaches zero, survival can be represented as true 1466 
survival. High survival rates and little permanent emigration were also supported by 1467 
the long-term photo-ID sighting catalogue, which documented several individuals 1468 
from the beginning to the end of the study. This research provides an example for 1469 
estimating sex-specific survival rates using the Robust Design, which is especially 1470 
important for threatened populations and/or populations with sex-biased threats 1471 
(i.e. Baker et al. 2013).  1472 
 1473 
2.4.5. Conservation and monitoring 1474 
 1475 
Coastal dolphin populations are vulnerable to increasing coastal development 1476 
activities and associated anthropogenic threats (Jefferson et al. 2009, Pirotta et al. 1477 
2013, Pirotta et al. 2015), and the Bunbury bottlenose dolphin population is no 1478 
exception. Bunbury is currently the third largest city in Western Australia with a 1479 
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human population of ~65,000 that is projected to increase to >100,000 by 2026 1480 
(Australian Bureau of Statistics 2011, Western Australian Planning Commission 1481 
2013). The inner waters are undergoing commercial port- and waterfront 1482 
developments (Lanco Resources Australia 2013, Landcorp 2013), are popular for 1483 
recreational water activities and the focus of a viable dolphin-targeted tourism 1484 
industry (Arcangeli and Crosti 2009). Here, boating activities intensifies during 1485 
summer months (Sprogis, pers. obs.), coinciding in time and space with the seasonal 1486 
peak in dolphin abundance and calving (Smith 2012, Smith et al. 2013), exposing the 1487 
population to human activities during sensitive time periods. This, in turn, increases 1488 
the risk of vessel strikes (Wells and Scott 1997, Wells et al. 2008), entanglement in 1489 
fishing gear (Kemper et al. 2005, Mansur et al. 2012), illegal food provisioning 1490 
(Samuels and Bejder 2004, Cunningham-Smith 2006, Donaldson et al. 2012) and 1491 
short-term and long-term disturbance on the dolphins (Constantine et al. 2004, 1492 
Bejder et al. 2006a, Bejder et al. 2006b, Jensen et al. 2009, Christiansen et al. 2010).  1493 
 1494 
As bottlenose dolphins are long-lived, have slow growth rates and low fecundity, 1495 
they require long-term monitoring programs to detect small rates of change in 1496 
abundance. The level of field sampling reported in this study is time-consuming, 1497 
labour-intensive and financially expensive. Given increasing anthropogenic pressures 1498 
on the local dolphin population, it is recommended that the available data and well- 1499 
developed sampling design be used to inform power- and sensitivity analyses to 1500 
identify the minimum level of sampling required to detect changes in abundance 1501 
over time. Specifically, this exercise should explore how different sampling scenarios 1502 
will affect the a) precision of abundance estimates; and b) power to detect change.  1503 
  
Chapter 3. Home range size of adult Indo-Pacific bottlenose 1504 
dolphins (Tursiops aduncus) in a coastal and estuarine system 1505 
is habitat and sex-specific  1506 
 
3.0. Abstract 1507 
 1508 
This study examined sex-specific differences in home range size of adult Indo-Pacific 1509 
bottlenose dolphins in open and sheltered water habitats off Bunbury, Western 1510 
Australia. We applied a new kernel density estimation approach that accounted for 1511 
physical barriers to movements. A Bayesian mixture model was developed to 1512 
estimate a sex effect in home range size with latent group partitioning constrained 1513 
by association data. A post hoc analysis investigated group partitioning relating to 1514 
the proportion of time spent in open versus sheltered waters. From 2007-2013, 1515 
photographic-identification data were collected along systematic boat-based 1516 
transect lines (n = 586). Analyses focused on adult dolphins of known sex (sighted ≥ 1517 
30 times; n = 22 males and 34 females). The 95% utilisation distributions of males 1518 
varied between 27-187 km2 (  ± SD; 94.8 ± 48.15), while females varied from 20-133 1519 
km2 (65.6 ± 30.9). The mixture model indicated a 99% probability that males had 1520 
larger home ranges than females. Dolphins sighted mostly in open waters had larger 1521 
home ranges than those in sheltered waters. Home ranges of dolphins sighted in 1522 
sheltered waters overlapped with areas of highest human activity. It is likely that sex 1523 
differences in home ranges are driven by polygynous male mating strategies, and 1524 
home range size differences between habitats may be influenced by prey availability 1525 
and predation risk.  1526 
 1527 
3.1. Introduction 1528 
 1529 
Understanding the characteristics of an animal’s home range provides insights into 1530 
the species ecology (Worton 1989). The concept of home range was originally 1531 
described as ‘the area traversed by the individual in its normal activities of food 1532 
gathering, mating, and caring for young’ (Burt 1943). While this definition has been 1533 
widely applied to a range of taxon, it does not incorporate an animal’s intensity of 1534 
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use within its home range, i.e. it assumes that every location within a home range is 1535 
of equal importance to the individual (Don 1949, Seaman and Powell 1996). The 1536 
study of home range has progressed from the early attempts that identified 1537 
distributions via simple outlines encompassing the area of use i.e. minimum convex 1538 
polygon (Mohr 1947), to methods that describe utilisation distribution, which 1539 
examine the intensity of use of different locations within a home range or study area 1540 
(Van Winkle 1975, Kie et al. 2010). In particular, kernel density estimation (KDE; 1541 
Silverman 1986) is one of the most common methods to estimate utilisation 1542 
distribution and was introduced to ecology through Worton’s (1989) seminal paper. 1543 
 1544 
Originally, KDE was developed for species that move freely throughout a landscape 1545 
where barriers to movement were not encountered (Knight et al. 2009). However, 1546 
the presence of a barrier, such as a river for terrestrial species or a coastline for 1547 
marine species, can physically prevent movement. This means that for such species, 1548 
the conventional home range approach potentially includes unavailable areas, thus 1549 
providing an overestimate of an animal’s home range. Therefore, using methods that 1550 
account for barriers is important to eliminate this potential bias and improve the 1551 
accuracy of the estimated home range (e.g., Getz and Wilmers 2004, Knight et al. 1552 
2009, Benhamou and Cornelis 2010). Accurate estimates of an animal’s home range 1553 
are of biological interest and important for conservation applications, such as 1554 
reserve design (Maxwell et al. 2011), management of threatened populations 1555 
(Seminoff et al. 2002) and identification of overlap with anthropogenic impacts 1556 
(Rayment et al. 2009).  1557 
 1558 
Home range size can be sex-specific for both marine (e.g., spottail shark, 1559 
Carcharhinus sorrah, (Knip et al. 2012); gray seal, Halichoerus grypus, (Austin et al. 1560 
2004)) and terrestrial species (e.g., chimpanzee, Pan troglodytes, (Chapman and 1561 
Wrangham 1993); grizzly bear, Ursus arctos horribilis, (Mace and Waller 1997)). Sex- 1562 
specific differences in home range size and location can have implications for 1563 
conservation (Ruckstuhl and Neuhaus 2005, Wearmouth and Sims 2008). For 1564 
instance, differences can render a particular sex more vulnerable to human impacts 1565 
(Baird et al. 2015). New Zealand sea lions (Phocarctos hookeri) off the Auckland 1566 
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Islands, New Zealand (Leung et al. 2012) and wandering albatross (Diomedea 1567 
exulans) off South Georgia (Xavier et al. 2004) are examples where female foraging 1568 
ranges have larger overlap with fisheries than males, resulting in higher female 1569 
bycatch mortality. Reduced survival of females by fishing activity may lead to 1570 
reduced reproductive output and result in population decline (Wearmouth and Sims 1571 
2008, Leung et al. 2012). Sex-biased impacts therefore emphasize the importance of 1572 
estimating home range characteristics separately for each sex.  1573 
 1574 
For the common bottlenose dolphin (Tursiops truncatus), sex-specific home range 1575 
characteristics vary among geographic locations. In some locations, there are no 1576 
apparent differences between sexes (e.g., Wilson et al. 1997, Gubbins 2002, Lynn 1577 
and Würsig 2002, Silva et al. 2008). In the Azores Archipelago, for example, the lack 1578 
of sexual differences and large home range sizes of dolphins are suggested to be 1579 
related to the patchy prey distribution and lower productivity of the oceanic waters 1580 
compared to coastal areas (Silva et al. 2008). In contrast, in other locations adult 1581 
males range further than adult females (e.g., Scott et al. 1990, Owen et al. 2002, 1582 
Urian et al. 2009). For example, in Sarasota Bay, USA, males range further than 1583 
females to increase mating opportunities (Owen et al. 2002). Differences in the 1584 
spatial distribution between and within populations may result from differing habitat 1585 
characteristics (Ballance 1992, Defran and Weller 1999, Martinez-Serrano et al. 1586 
2011) and basic biological priorities, such as, mating strategies, prey availability and 1587 
predation risk (Matthiopoulos and Aarts 2010).  1588 
 1589 
In the closely related Indo-Pacific bottlenose dolphin (T. aduncus), however, less is 1590 
known about the home range size differences between males and females. In the 1591 
Clarence River, Australia, Fury (2013) explored differences of space use between the 1592 
sexes of T. aduncus, although due to a small sample size of males they compared 1593 
female home ranges with mixed sex groups. In Shark Bay, Australia, ranges for males 1594 
and females are highly variable, however on average males range further than 1595 
females (average 90% KDE for males = 65.9 km2 and females = 52.9 km2; Watson- 1596 
Capps 2005, Randic et al. 2012). In Bunbury, Western Australia, Smith et al. (2013) 1597 
alluded that adult male dolphins range over larger areas than adult females when 1598 
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searching for prey and mating opportunities. 1599 
 1600 
This study tested if there were sex-specific differences in home range size for adult T. 1601 
aduncus in coastal and sheltered waters off Bunbury, Western Australia. To estimate 1602 
home range size, a new KDE method was applied that specifically accounts for 1603 
physical barriers to movements. This method is based around the “kernel 1604 
interpolation with barriers” tool found in Esri’s ArcGIS© 10, and is used to inspect the 1605 
95% utilisation distribution of individuals within the study area. In addition, a 1606 
Bayesian mixture model was developed to 1) test if there was a sex effect in home 1607 
range size and 2) explore whether dolphins could be partitioned into groups, based 1608 
on home range size, associations with conspecifics and habitat (open vs sheltered 1609 
waters). The latter was carried out to identify patterns that may have important 1610 
ecological and conservation implications. 1611 
 1612 
3.2. Methods 1613 
 1614 
3.2.1. Study site  1615 
 1616 
This study took place from 2007-2013 in Bunbury (33°32’ S, 115°63’ E), south- 1617 
western Australia (Figure 3.1). Bunbury is currently the third largest city in the state 1618 
(Australian Bureau of Statistics 2013), and has one of the largest shipping ports in 1619 
Western Australia (Bunbury Port Authority 2013). From 2007-2011, the study area 1620 
encompassed 120 km2 which was surveyed along three transect routes: Buffalo 1621 
Beach, Back Beach and Inner water transects (Figure 3.1). In August 2011, the study 1622 
area was extended 9.3 km from shore and increased to 540 km2 with the addition of 1623 
three new transect routes: Buffalo Beach offshore, Back Beach offshore and 1624 
Busselton (Figure 3.1). Water depth ranged from ≤ 1 m to 24 m, with a low tidal 1625 
range generally < 1 m. The benthic habitat consists of temperate limestone reefs, 1626 
seagrass, macroalgae communities, sand and mud flats (Smith 2012; Chapter 4).   1627 
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 1628 
Figure 3.1. The study site (Bunbury, Western Australia; 540 km2) was divided into six 1629 
transects and categorised into open and sheltered water habitats. The open water 1630 
habitat consisted of Buffalo Beach, Buffalo Beach offshore, Back Beach, Back Beach 1631 
offshore and Busselton transects. The sheltered water habitat consisted of the Inner 1632 
water transect, encompassing Koombana Bay, Leschenault Inlet and Estuary, Inner 1633 
and Outer Harbours and the lower reaches of the Collie River. Note, the northern 1634 
section of the Leschenault Estuary was too shallow for dolphin surveys. 1635 
 1636 
3.2.2. Sampling design 1637 
 1638 
Dolphin identities and sighting location were documented during systematic, boat 1639 
photo-identification surveys, in all austral seasons (summer (December-February), 1640 
autumn (March-May), winter (June-August) and spring (September-November)) 1641 
between March 2007 and August 2013. Surveys were conducted along pre- 1642 
determined transect routes (Figure 3.1) at 10 knts using a 5 m research vessel with a 1643 
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80 hp engine. Traversing a transect was defined as a survey, with each dolphin group 1644 
encounter during a survey termed a sighting. Surveys were undertaken in weather 1645 
conditions with Beaufort sea states ≤3, and with two to five observers (median = 4) 1646 
on-board. Using the naked eye or occasionally 7 × 50 binoculars, observers scanned 1647 
for dolphins out to 250 m on either side of the vessel while on transect. The three 1648 
original transects (Buffalo Beach, Back Beach and the Inner water transects) were 1649 
aimed to be completed six times within a season, whilst completing the newer three 1650 
transects (Buffalo Beach offshore, Back Beach offshore and Busselton) three times 1651 
within a season. Transects were run in open and sheltered water habitats. The open 1652 
water habitat consisted the coastal transects, whilst the sheltered water habitat 1653 
consisted of only the Inner water transect (Figure 3.1). 1654 
 1655 
Photographic-identification and sex determination of study animals 1656 
 1657 
When a dolphin group was encountered the vessel departed the transect line and 1658 
approached the dolphins to a suitable sighting distance for observations (typically 1659 
10-30 m). Using a Nikon D300s camera with either 300 or 400 mm lenses, a 1660 
researcher aimed to photograph every dolphin dorsal fin for the purpose of 1661 
identification (Würsig and Würsig 1977). Sightings lasted a minimum of five minutes 1662 
(and a maximum of half an hour) to determine group composition and obtain 1663 
sufficient photo-identification images. For each group encounter, Global Positioning 1664 
System (GPS) location, time, group composition and group size were recorded. A 1665 
group was defined as one or more dolphins within 100 m of any other member 1666 
involved in the same or similar behavioural activity (Smith 2012). Occasionally, 1667 
sightings were conducted when dolphin groups were encountered on route to or 1668 
from a transect commencement or end point. 1669 
 1670 
The sex of dolphins was confirmed through one of three methods: molecular 1671 
analyses from biopsy samples that were collected as part of a separate research 1672 
project (Daniel et al. In prep), visual confirmation of genital areas or, for adult 1673 
females, repeated and consistent observations in the presence of a dependent calf. 1674 
Following Smith (2012), individuals were assigned to one of three mutually exclusive 1675 
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age categories: calf, juvenile or adult, based on physical traits such as body length 1676 
and behaviour. Dolphin body length (as a proxy for age) was estimated in the field 1677 
and re-confirmed post hoc through dolphin group images from the long-term photo- 1678 
identification dataset.  1679 
 1680 
Only good quality photographic images were used in subsequent analyses. Images of 1681 
each dorsal fin were used to identify dolphins by unique nicks and notches (Würsig 1682 
and Würsig 1977). Secondary markings (such as tooth rake scars) were not used, as 1683 
individuals may only be sighted from one side and scars fade over time (Lockyer and 1684 
Morris 1990). Each identifiable individual was assigned a unique three-letter code 1685 
and added to the database and dorsal fin catalogue. Dolphin re-sightings were 1686 
matched to the catalogue following the protocols from the Sarasota Dolphin 1687 
Research Program (2006). To ensure correct identification of individuals, photo- 1688 
identification of each individual was double-checked by a minimum of two 1689 
researchers. 1690 
 1691 
3.2.3. Kernel density estimation 1692 
 1693 
The KDE analyses were limited to adult individuals observed on ≥ 30 occasions to 1694 
ensure a reasonable representation of their ranging area (Seaman et al. 1999). Only 1695 
adult individuals of known sex that were classified as being of the adult age at the 1696 
beginning of the study were included in analyses. Juveniles were excluded from the 1697 
analysis to avoid potential ontogenetic shifts in home range characteristics (Welsh et 1698 
al. 2013), as newly-independent dolphins exhibit a high degree of site fidelity to a 1699 
subset of their natal area before expanding or shifting their range (Möller and 1700 
Beheregaray 2004, McHugh et al. 2011a). Dependent calves were also excluded from 1701 
analysis. To avoid temporal autocorrelation, only the first sighting of an individual on 1702 
a given day was used in this analysis.  1703 
 1704 
Kernel density estimates for each dolphin was calculated following the KDE protocols 1705 
by MacLeod (2014) for ‘estimating a home range in an environment where there are 1706 
barriers to movements’. MacLeod (2014) outlines a series of steps using ArcGIS tools 1707 
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which includes details from file preparation to implementation of the final kernel for 1708 
each individual. With this method, rather than choosing the more traditional ‘kernel 1709 
density estimate’ tool from the spatial analyst toolbox, the ‘kernel interpolation with 1710 
barriers’ tool was selected (available from the Geostatistical analyst toolbox in 1711 
ArcGIS
 
10.1 (ESRI, Redlands, California)). The kernel interpolation with barriers tool 1712 
uses the shortest distance between points without intersecting the barrier, allowing 1713 
the contour to change abruptly at the edge of the barrier (Gribov and Krivoruchko 1714 
2011). All subsequent steps were calculated in the Universal Transverse Mercator 1715 
(UTM) Zone 50 South projection and based on the WGS 1984 datum. 1716 
 1717 
The key user-defined parameters for the ‘kernel interpolation with barriers’ tool 1718 
were the output cell size and bandwidth value. The output grid cell size was set to 1719 
200 x 200 m, which allowed sufficient information to be included in narrow areas of 1720 
the study site, such as rivers and estuaries in the sheltered water habitat. The kernel 1721 
function was set to a first order polynomial and the ridge parameter retained the 1722 
default value of 50. The bandwidth smoothing value determines the width of the 1723 
kernel, i.e. it is the search radius that determines which surrounding location points 1724 
will contribute to the KDE. There is currently no best method for bandwidth 1725 
selection (Worton 1989, Gitzen et al. 2006). The choice of a bandwidth selection 1726 
method may vary depending on the study goals, sample size and patterns of space 1727 
use by the study species (Gitzen et al. 2006). For the ‘kernel interpolation with 1728 
barriers’ tool the value can be chosen by visual inspection (Wand and Jones 1995). In 1729 
this study, the bandwidth value was chosen by running successive trials and selecting 1730 
the estimate that was most in accordance with prior knowledge about individual 1731 
dolphins’ space-use and was fixed to 6,000 for each individual to ensure comparable 1732 
results between individuals and sexes. The bandwidth value was held constant 1733 
across the plane for a fixed kernel, rather than changing the value at different 1734 
densities for an adaptive kernel (Seaman and Powell 1996, Wood et al. 2000). 1735 
Adaptive kernels tend to perform poorly, often over-estimating home range areas 1736 
(Powell 2000). 1737 
 1738 
The KDE represents values for the estimated number of sightings per km2 that are 1739 
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likely to occur within each grid cell. From these values, utilisation distribution within 1740 
the study area was defined as the minimum area in which an individual had a 95% 1741 
probability of being located (Worton 1995). Each 95% utilisation distribution was 1742 
extracted from the KDE by calculating the threshold value that enclosed 95% of all 1743 
observations used to create the KDE (MacLeod 2014). Hereafter, the 95% utilisation 1744 
distribution for each individual was referred to as home range within the study area. 1745 
Thus, the estimated home range only applied to usage within the study area itself 1746 
and was relative to the survey effort, which was equal for all individuals. It was noted 1747 
that the full expanse of each individual’s true home range might not have been 1748 
captured, as the range may be larger than the study area. However, this same 1749 
limitation was applied to all individuals and so is unlikely to cause a bias in 1750 
comparison of estimated home range sizes between sexes. 1751 
 1752 
3.2.4. Bayesian mixture modelling 1753 
 1754 
The home range of each dolphin in the study population was likely to be dependent 1755 
upon the home range of its close associates (Frère et al. 2010). As such, given the 1756 
inherent non-independence of data collected from a highly social species, a method 1757 
that aimed to accommodate for such non-independence was used, thus avoiding 1758 
statistical tests that assume independence. 1759 
 1760 
When exploring sex-specific differences in home range size, it was suspected that 1761 
individuals were not from a homogeneous population and that different 1762 
communities of individuals might be present within the study area. Each community 1763 
may have differing ranging patterns, perhaps dependent upon the amount of time 1764 
an individual spent in open versus sheltered water habitats. However, there was no 1765 
measure for this suspected dimension of open versus sheltered water effect. 1766 
 1767 
One established method for dealing with heterogeneous populations is to use 1768 
mixture modelling where samples of individuals are probabilistically assigned to two 1769 
or more groups (“latent” groups; Melnykov and Maitra 2010). Often, mixture models 1770 
are used to increase/add population heterogeneity and mixing weights are not 1771 
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directly interpreted after model fitting. Here, the fitted mixing-probabilities were 1772 
plotted to gain insights into the spatial-separation of different social groups. Thus, 1773 
the model estimated the mixing probabilities, whereas our interpretation of such 1774 
values in reference to spatial covariates were entirely post hoc. To investigate 1775 
ecological drivers that the two latent groups might correspond to, the proportion of 1776 
time spent by individuals in open vs. sheltered water habitats were inspected. The 1777 
proportion of time an individual was sighted within the open water and sheltered 1778 
water habitat was calculated for each individual by dividing the total number of 1779 
sightings of a particular individual in open or sheltered waters by the total number of 1780 
sightings for that individual.   1781 
 1782 
A Bayesian mixture model was therefore developed, hereafter termed mixture 1783 
model, to address two aims: 1) to estimate a sex-effect on dolphin home range while 1784 
accounting for heteroskedasticity (unequal variance across different sub- 1785 
populations) and correlated error distribution, and 2) to employ a data-driven 1786 
partitioning of the dolphins into two latent groups. These ideas were already 1787 
technically well-developed (Melnykov and Maitra 2010). For latent group 1788 
partitioning, the partitioning was constrained by association data while recognising 1789 
the above-mentioned non-independence of associations between individuals. This 1790 
approach was an innovation by placing a prior (prior probability distribution) on the 1791 
latent group probabilities according to a Multivariate Probit distribution (MVP) with 1792 
a fixed and known correlation matrix R of dimension n x n. R was estimated 1793 
according to the Half-Weight Index; a measure of association between two 1794 
individuals (Cairns and Schwager 1987). The Half-Weight Index on the complete 1795 
dataset was calculated using SOCPROG 2.4 (Whitehead 2009). Two individuals were 1796 
assumed to be associated if they were sighted in the same group. 1797 
 1798 
The mixture model was run in JAGS (Plummer 2008) using the package ‘rjags’ 1799 
(Plummer 2014) through R v3.0.3 software (R Development Core Team 2011). 1800 
Uninformative priors were specified for the latent group means (µz), sex-effect (βM) 1801 
and variances (σz
2), while the prior on  (a vector) was informative and driven by the 1802 
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matrix of social affiliation R (also see JAGS code in appendix 7). The steps in the 1803 
Markov chain Monte Carlo (MCMC) sampler were as follows: 1804 
    )           
 ) for z=1,2 1805 
    )           
 ) 
    
 )           ) for z=1,2  1806 
  ( ) =        ) 
1807 
 1808 
The hierarchical distribution of the random variables is as follows: 1809 
                      ) 
             )            )       
  
      
       )      
       )   1810 
             
 ) 
 1811 
Where  is a vector of correlated probabilities of being in Latent Group 1 drawn from 1812 
the MVP, zi is an index of the Latent Group (1 or 2),  () is the step function, x is a 1813 
vector of sexes (0 for female, 1 for male) and yi are the observed home ranges. 1814 
 1815 
Two versions of the mixture model were run, with the difference being whether 1816 
males and females had different variances in their home range distributions. Model 1817 
#1 had a single variance for both male and females, for a total of two variance 1818 
parameters. Model #2 had a total of four variance parameters for all male/female 1819 
and latent group combinations. Both models were set in the common Bayesian 1820 
framework to allow heterogeneity in an outcome with different group means and 1821 
variances. Both models partitioned groups based on network analyses, which was 1822 
driven by both dolphin associations and home ranges (Handcock et al. 2007).  1823 
 1824 
The most parsimonious model was selected based on a special variant of the 1825 
Deviance Information Criterion (DIC), developed specifically for high-dimensional 1826 
mixture models (Plummer 2008). DIC is an estimate of expected predictive error, 1827 
where lower deviance is better; it is a Bayesian form of other information-theoretic 1828 
model-selection criteria (Plummer 2008). Additionally, to confirm adequate model fit 1829 
a goodness-of-fit p-value was computed through a posterior predictive check based 1830 
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on sum of squared Pearson residuals (Gelman 2003). Values close to 0.5 suggest no 1831 
evidence of poor model fit, whereas p-values close to 0 or 1 suggests a poor model 1832 
fit (Martin et al. 2011).  1833 
 1834 
3.3. Results 1835 
 1836 
3.3.1. Survey effort and individual sighting frequencies 1837 
 1838 
From March 2007 to August 2013, 586 surveys were conducted (Table 3.1), including 1839 
177 surveys in the sheltered waters and 409 surveys in the open waters (Table 3.2). 1840 
A total of 1,650 dolphin groups were sighted and photographed. Group sizes ranged 1841 
from one to 60 dolphins (  ± SD; 5.98 ± 0.75). A total of 463 individual dolphins were 1842 
identified: 263 adults, 80 juveniles and 120 calves. Of these, sex was confirmed for 1843 
215 individuals (83 males and 132 females). A total of 56 adult individuals of known 1844 
sex (22 males and 34 females) were observed on ≥ 30 occasions and thus included in 1845 
home range analyses. The sighting frequency of adult males ranged from 30-68 (46.7 1846 
± 12.35 SD) occasions, whilst the female sighting frequency ranged from 30-115 1847 
(62.7 ± 25.2 SD) occasions.  1848 
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Table 3.1. Summary of annual survey effort from March 2007- August 2013. 1849 
Year # of surveys # of days # of months # of sightings 
Mean group size 
(SD) 
2007 51 48 10 219 4.75 (4.29) 
2008 94 90 12 298 5.21 (4.69) 
2009 93 90 12 307 6.47 (5.92) 
2010 96 73 12 216 6.72 (5.87) 
2011 91 75 12 238 6.31 (6.92) 
2012 113 89 12 266 5.76 (5.51) 
2013 48 37 08 106 7.16 (7.75) 
Total 586 502 78 1,650 Mean 5.98 (0.75) 
 1850 
Table 3.2. The number of surveys for the sheltered water habitat (Inner water 1851 
transect) and open water habitat (Back Beach and Buffalo Beach transects) from 1852 
March 2007-April 2013. The number of surveys for the additional transects in the 1853 
open water habitat (Back Beach offshore, Buffalo Beach offshore and Busselton 1854 
transects) from August 2011-August 2013. 1855 
   
Year 
Inner 
waters 
Back 
Beach 
Buffalo 
Beach 
Back 
Beach  
offshore 
Buffalo 
Beach  
offshore 
Busselton Total 
2007 22 16 13 NA NA NA 51 
2008 34 28 32 NA NA NA 94 
2009 30 27 36 NA NA NA 93 
2010 30 30 36 NA NA NA 96 
2011 25 27 24 5 4 6 91 
2012 23 23 25 15 13 14 113 
2013 13 8 9 9 7 2 48 
Total 177 159 175 29 24 22 586 
 1856 
Chapter 3. Home range size 
 58 
3.3.2. Kernel density estimates of adult male and female dolphins 1857 
 1858 
Home ranges varied in size, shape and location for the 56 individuals (see Figure 3.2 1859 
for examples). Male 95% utilisation distribution ranged from 27-187 km2 (94.8 ± 1860 
48.15 SD, median = 75.8) and female 95% utilisation distribution ranged from 20-133 1861 
km2 (65.6 ± 30.9 SD, median = 71.6).  1862 
 1863 
 1864 
Figure 3.2. Examples of home ranges within the study area (95% utilisation 1865 
distribution; light grey polygons) from kernel density estimates including land 1866 
barriers (dark grey) for two adult male (A, B) and two adult female dolphins (C, D). 1867 
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3.3.3. Mixture modelling  1868 
 1869 
Model selection and goodness-of-fit  1870 
 1871 
The MCMC algorithm was used to estimate the posterior distributions of model 1872 
parameters for Model #1 and Model #2. Both models had an initial discarded ‘burn- 1873 
in’ phase of one million iterations, i.e. discarded values from the Markov chain 1874 
before convergence was reached (McCarthy 2007), and were run for 800,000 1875 
iterations on three MCMC. For inference about the posterior-distributions, results 1876 
were thinned to 6000 total draws (2000 per chain = 6000 total). Based on DIC 1877 
selection, the ΔDIC = -11.64 (SE = 16.50) suggested that there was more support for 1878 
Model #1 relative to Model #2.  1879 
 1880 
Model #1 had a single variance for both male and females, for a total of two variance 1881 
parameters. Chains were visually inspected for convergence and adequate mixing, as 1882 
well as ensuring all univariate Gelman-Rubin scale reduction factors were close to 1 1883 
(Gelman and Rubin 1992). Results indicated convergence with scale reduction 1884 
factors ranging from 0.10 - 1.0025. The model had an average explained variance, R2, 1885 
of 0.43. The Bayesian p-value from the posterior predictive check statistic was 0.607, 1886 
suggesting no evidence for lack of fit.  1887 
 1888 
Sex effect and latent group partitioning 1889 
 1890 
The mixture model was used to estimate a sex effect in home range size while 1891 
probabilistically assigning individual dolphins into two latent groups. Probability 1892 
values close to 0 suggested a high probability of being in Latent Group 1, while 1893 
values close to 1 suggested high probability of being in Latent Group 2 (Figure 3.3). 1894 
After inspecting the mixing weights, males had more extreme values closer to 0 or 1, 1895 
suggesting a strong separation. For females, some individuals had values ~0.5, i.e., 1896 
they were in between one latent group or the other, whilst 30 out of 34 females 1897 
appeared to have mixing weights that favoured one latent group over the other 1898 
(Figure 3.3). 1899 
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 1900 
For the sex effect (βM) there was a median difference of 1.7 (95% CI: 1.4-2.08), i.e. 1901 
the difference between male and female median home range sizes was a factor of 1902 
1.7. The posterior distribution of females and males in Latent Group 1 had a median 1903 
of 35 km2 (95% CI: 28-44.5) and 59.5 km2 (95% CI: 39.2-92.56), respectively. The 1904 
posterior distribution of females and males in Latent Group 2 had a median of 86 1905 
km2 (95% CI: 75-95) and 146.2 km2 (95% CI: 105-197.6), respectively. Additionally, 1906 
the probability that the sex effect was >0 was 0.99, i.e. adult males had a 99% 1907 
probability of having a larger 95% utilisation distribution than adult females. 1908 
 1909 
 1910 
Figure 3.3. The probability of individual dolphins being in Latent Group 2 based on 1911 
95% utilisation distribution while also accounting for their association patterns. 1912 
Values close to 1 suggested high probability of being in Latent Group 2. Inversely, 1913 
values close to 0 suggested a high probability of being in Latent Group 1. Closed 1914 
circles represent adult female dolphins (n = 34) and open circles represent adult 1915 
male dolphins (n = 22).    1916 
 1917 
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The relationship between latent group probabilities, home range size and the 1918 
proportion of time individuals spent in open vs. sheltered waters was explored 1919 
(Figure 3.4). Dolphins that were sighted more frequently in the open water habitat 1920 
had larger home ranges compared to dolphins that were sighted more often in the 1921 
sheltered water habitat. This analysis also highlighted that the dolphins with the 1922 
smallest home ranges (<40 km2) were adult females (with one exception).  1923 
    1924 
 1925 
Figure 3.4. The relationship between latent group probabilities and 95% utilisation 1926 
distribution home range size, and the proportion of time an individual was sighted 1927 
within the open water habitat. Latent group probabilities are represented by the size 1928 
of the circle. Larger circles suggest membership in Latent Group 2 and, inversely, 1929 
smaller circles suggest membership in Latent Group 1 (Figure 3.3). Closed circles 1930 
represent adult female dolphins (n = 34) and open circles represent adult male 1931 
dolphins (n = 22).  1932 
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3.4. Discussion 1933 
 1934 
Sex-specific differences in home range size of adult T. aduncus residing in open and 1935 
sheltered waters off Bunbury, Western Australia, were examined. A new GIS-based 1936 
approach for kernel density estimation produced detailed representations of 1937 
utilisation distributions by accounting for physical barriers to movements throughout 1938 
the study area. To test for sex-specific differences in home range size, a Bayesian 1939 
mixture model was developed that documented a 99% probability that adult male 1940 
home ranges were larger than adult females. From model results, we inferred that a 1941 
major source of home range heterogeneity was due to a division of the community 1942 
into at least two “latent groups”; these latent groups seemed to strongly correspond 1943 
to the habitat in which individuals were most often sighted (open vs. sheltered 1944 
waters). Individuals with larger home ranges were more frequently sighted along the 1945 
open water habitat. In contrast, individuals with the smallest home ranges were 1946 
most often sighted in the sheltered water habitat (bay, estuary and riverine waters), 1947 
which represents the area of highest human usage.  1948 
 1949 
3.4.1. Incorporating complex barriers into analyses of home ranges 1950 
 1951 
Previous studies aimed at quantifying cetacean home ranges that have accounted 1952 
for unavailable areas (such as land barriers) have done so by clipping land out prior 1953 
to final home range analysis or removing land post hoc. However, density estimation 1954 
is defined by the distribution of the locations regardless of clipping (Knight et al. 1955 
2009), and therefore, the kernel will be smoothed across the barrier. A kernel 1956 
density approach to detect and correct for barriers was developed using the R 1957 
interface (Benhamou and Cornelis 2010). However, to date, the method cannot be 1958 
applied to study areas with complex barriers, such as a detailed coastline (Calenge 1959 
2006).  1960 
 1961 
The method presented here included complex barriers throughout the interpolation 1962 
of kernel density estimation. By allowing the kernel to change abruptly at the edge 1963 
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of the barrier (Gribov and Krivoruchko 2011) this method refined previous analytical 1964 
techniques, ultimately improving the accuracy of home range size estimates and 1965 
structure. This method was easily applied through a user-friendly GIS interface and 1966 
should make it possible to accurately estimate individual home ranges of any species 1967 
or population which occur in areas with barriers to movement.  1968 
 1969 
3.4.2. Adult dolphin home range size was sex-specific  1970 
 1971 
Most coastal bottlenose dolphin populations live in fission-fusion societies where 1972 
sex-specific bonds exist (Wells et al. 1987, Connor et al. 2000, Connor et al. 2001). 1973 
Typical adult females form associations with other females with similar reproductive 1974 
states and overlapping home ranges (Wells et al. 1987, Smolker et al. 1992, Möller 1975 
and Harcourt 2008, Frère et al. 2010). Adult males form alliances as a strategy to 1976 
cooperatively gain access to adult females in order to optimise mating opportunities 1977 
(Connor et al. 1992b). Home ranges of alliance members overlap with other alliances 1978 
and the females they consort with (Randic et al. 2012). Alliance formation in male 1979 
bottlenose dolphins supports a polygynous mating system. Typical for polygynous 1980 
mating systems, males generally have larger home ranges than females to maximise 1981 
mating opportunities with multiple females (Greenwood 1980, Gaulin and Fitzgerald 1982 
1989). In Bunbury, adult male-male dolphin relationships are stronger and 1983 
consistently more stable than adult female-female social relationships (Smith 2012; 1984 
Chapter 2). While not specifically tested for, the strength and stability of male-male 1985 
social relationships in this population may reflect the presence of male alliances as 1986 
have been identified in other bottlenose dolphin populations (e.g., Wells et al. 1987, 1987 
Connor et al. 1992b, Möller et al. 2001, Parsons et al. 2003b). As such, it is likely that 1988 
male mating strategies strongly influence the sex-specific differences in home range 1989 
size that were apparent in this population.  1990 
 1991 
Male home ranges contract or expand in response to breeding and/or birthing 1992 
seasons (Greenwood 1980, Clutton-Brock 1989). Bottlenose dolphins exhibit diffuse 1993 
breeding seasons (Perrin and Reilly 1984), usually peaking in summer months. In 1994 
Bunbury, the peak is late summer/early autumn (Smith 2012), during which time 1995 
Chapter 3. Home range size 
 64 
there is an increase in dolphin abundance within the study area (Smith et al. 2013; 1996 
Chapter 2). It is likely that during the breeding season, adult male home ranges are 1997 
mainly driven by the distribution of reproductive females. In contrast, during the 1998 
non-breeding season it is possible that males adjust their home ranges accordingly to 1999 
optimise prey intake resulting in larger home ranges (see Chapter 4). Unfortunately, 2000 
seasonal home range size could not be tested due to low sample sizes. 2001 
 2002 
3.4.3. Home range size was dependent on time spent in open versus sheltered water 2003 
habitats 2004 
 2005 
Based on mixture model results, we suggest that dolphin home range sizes 2006 
corresponded to the habitat in which they were most often sighted (open vs. 2007 
sheltered waters). Dolphins most frequently sighted within the open water habitat 2008 
exhibited larger home ranges than dolphins most frequently sighted in the sheltered 2009 
water habitat (bay, estuary and riverine waters). Habitat partitioning between open 2010 
and sheltered waters occur in T. truncatus populations, for example off North 2011 
Carolina (Gannon and Waples 2004) and Florida, USA (Fazioli et al. 2006). Movement 2012 
between habitats also occurs within populations of T. aduncus, for example, some 2013 
individuals move between estuaries and adjacent coastal habitats (e.g., Chabanne et 2014 
al. 2012).  2015 
 2016 
The interaction between prey availability and predation risk may be important 2017 
factors contributing to dolphin home range size differences among open and 2018 
sheltered waters (Heithaus and Dill 2002). Prey availability and distribution 2019 
contribute to shaping dolphin distributions (e.g., Allen et al. 2001, Hastie et al. 2004, 2020 
Elwen et al. 2010, Degrati et al. 2012). As per the optimal foraging theory, dolphins 2021 
should distribute themselves for optimal foraging efficiency in order to maximise net 2022 
energy gain (MacArthur 1966, Schoener 1971). To assist in maximum energy gained, 2023 
the selection of high quality prey rather than quantity is suggested as a major 2024 
determinant of foraging strategies employed (Spitz et al. 2012). If animals have 2025 
access to concentrated high quality prey, they do not have to search far for food and 2026 
can have small home ranges (Harestad and Bunnell 1979, Gowans et al. 2008). 2027 
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Estuaries, such as the Leschenault Estuary in the sheltered water habitat of this 2028 
study, are highly productive systems (Semeniuk et al. 2000, Elliott and Whitfield 2029 
2011). Estuaries provide a rich source of organic matter and nutrients (Elliott and 2030 
Whitfield 2011), which sustain numerous fish species at different stages of their life 2031 
cycle (Potter et al. 2013). Marine and estuarine fish inhabit the Leschenault Estuary 2032 
(Potter et al. 2000, Veale et al. 2014) and are in high abundance, biomass and quality 2033 
compared to open waters (McCluskey et al., unpublished data3). The concentrated 2034 
high quality prey support dolphins and optimises foraging, likely allowing for small 2035 
home ranges in these habitats. 2036 
 2037 
In contrast, if animals live in habitats with patchy prey distribution they should have 2038 
correspondingly larger home ranges as they must travel further in order to find 2039 
adequate food (Wiens 1976, Ford 1983, Fauchald 1999, Gowans et al. 2008). The 2040 
large home ranges of T. truncatus along the open coast of the Gulf of California and 2041 
the Southern California Bight have been linked to the patchy and ephemeral 2042 
distribution of prey resources (Ballance 1992, Defran et al. 1999, respectively). 2043 
Similarly, T. truncatus in open waters off the Azores undertake long-distance 2044 
movements to cover the lower density and patchy distribution of prey, and hence 2045 
have considerably large home ranges (Silva et al. 2008). Prey in open waters is 2046 
patchily distributed and largely dictated by physical oceanic processes (Caputi et al. 2047 
1996, Silva et al. 2008). Offshore from the study area the dominant oceanographic 2048 
feature is the Leeuwin Current, which transports warm, oligotrophic waters pole- 2049 
wards along the shelf break (Godfrey and Ridgway 1985, Pearce and Griffiths 1991). 2050 
The inter-annual variations in the strength of the Leeuwin Current and associated 2051 
counter-currents affect the distribution and recruitment of fish species (Lenanton et 2052 
al. 1991, Caputi et al. 1996, Pearce and Pattiaratchi 1999). It is therefore likely that 2053 
the larger home ranges of the dolphins in open waters are influenced by the 2054 
variability of prey distribution in this highly dynamic environment.  2055 
 2056 
Dolphins will not necessarily select habitats based solely on the energetic return of 2057 
                                                          
3
 McCluskey, Shannon. Murdoch University Cetacean Research Unit, unpublished data. 
Chapter 3. Home range size 
 66 
their prey, particularly if predation risk varies among habitats (Heithaus and Dill 2058 
2002). The home range size of dolphins within open and sheltered water habitats 2059 
may be influenced by a trade-off between minimising predation risk and the benefits 2060 
gained from foraging (Lima and Dill 1990). As demonstrated by Heithaus and Dill 2061 
(2002) in Shark Bay, T. aduncus feed on high biomass prey in shallow waters, 2062 
however, during warmer months when tiger shark (Galeocerdo cuvier) density in 2063 
shallow waters increases, dolphin habitat use deviates from that of the productive 2064 
shallows. In contrast, in Sarasota Bay, T. truncatus are more prevalent in shallower 2065 
waters during warmer months to decrease predation risk from bull sharks 2066 
(Carcharhinus leucas) present in deeper passes (Wells et al. 1980). In this study, 2067 
there is evidence of multiple shark predation attempts on dolphins, which is clear 2068 
from bite wounds and scars (Sprogis, pers. obs.). Evaluation of bite marks suggest 2069 
that the species responsible are likely white (Carcharodon carcharias), tiger and 2070 
several smaller Carcharhinid species (King 2014). Detailed studies of the interaction 2071 
between predation risk and prey availability will be required in this study area to 2072 
understand what role they play on shaping dolphin home range differences between 2073 
habitats. 2074 
 2075 
3.4.4. Conservation implications for dolphins in sheltered waters 2076 
 2077 
Dolphins with the smallest home ranges were predominately female and frequently 2078 
sighted within the sheltered water habitat (also see chapter 4). This area (Koombana 2079 
Bay, Leschenault Inlet and Estuary, Inner and Outer Harbours) consists of waterways 2080 
of high human usage. Specifically, these waters include one of Western Australia’s 2081 
busiest commercial shipping ports, are popular for recreational water activities and 2082 
are the focus of a viable dolphin-targeted tourism industry. The dolphins in the 2083 
sheltered water habitat are the major tourism icon for the region (dolphin-watch 2084 
and swim-with industry), attracting around 60,000 visitors per year and generating 2085 
over AUS$5.6 million into the local economy (Bunbury Dolphin Discovery Inc. 2008). 2086 
Thus, the inner water dolphins are disproportionally exposed to human disturbance 2087 
from shipping, recreational and tourism boating activities and coastal development. 2088 
These pressures can result in cumulative threats, in particular from vessel 2089 
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disturbance (Bejder et al. 2006b, Jensen et al. 2009, Christiansen et al. 2010), vessel 2090 
strikes (Wells and Scott 1997), entanglement in fishing gear (Wells et al. 2008), 2091 
exposure to contaminants (Balmer et al. 2011) and illegal food-provisioning 2092 
(Donaldson et al. 2010, 2012). Further, male and female dolphins may differ in their 2093 
susceptibility to threats (Lusseau 2003b, Symons et al. 2014) and be impacted 2094 
disproportionately (Baird et al. 2015). As such, females with small home ranges 2095 
residing in the inner waters may be more likely to encounter threats, which could 2096 
lead to population consequences, such as reduced reproductive output. Overall, 2097 
management efforts should ideally focus on minimising human impacts to dolphins 2098 
frequenting these waters. 2099 
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Chapter 4. Sex-specific and seasonal patterns in space and 
habitat use of Indo-Pacific bottlenose dolphins (Tursiops 
aduncus) 
 
4.0. Abstract 
 
This study explored biotic and abiotic factors influencing sex-specific patterns in 
space and habitat use of adult bottlenose dolphins (Tursiops aduncus) off Bunbury, 
Western Australia. From 2007–2013, individual dolphins were photographically 
identified during systematic boat-based surveys (n = 586). Analyses were restricted 
to adult dolphins of known sex (n = 50 males; 99 females). Seasonal space use was 
explored through kernel density analyses, whilst generalised additive models were 
used to examine the relationship between the presence-absence of dolphins and 
biotic (presence-absence of the opposite sex and benthic habitat type) and abiotic 
factors (distance to land, 20 m depth contour and shipping ports, water depth, 
bottom slope and seabed complexity). Results indicated that across summers, the 
mean sighting frequency of individual adult males and females was high (males = 
9.50 ± SE 1.22, females = 9.35 ± SE 1.10), whereas during winter, the mean sighting 
frequency of adult males declined to half of that of females (3.40 ± SE 0.34, 6.35 ± SE 
0.87, respectively). Distance to coast was an important and consistent variable 
influencing habitat use across seasons for both sexes. In summer and autumn, 
dolphins were concentrated close to the coast corresponding with the peak calving 
and breeding season. In contrast, during winter and spring, adult dolphins were 
more dispersed throughout the study area, and were also sighted offshore. The 
seasonal differences in the distribution of adult T. aduncus likely reflect seasonal 
fluctuations in prey distribution and availability coupled with mating priorities during 
the warmer months. Important dolphin density hotspots were documented and 
areas of concern were identified, including in the Leschenault Estuary and Koombana 
Bay. Future research focussing on quantifying sex-specific impacts of anthropogenic 
activities in these areas should be prioritised. 
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4.1. Introduction 
 
Spatial ecology is the study of where organisms are located (space use) and why they 
are there (habitat use; Matthiopoulos and Aarts 2010). The ecological significance of 
a species habitat use requires an understanding of the spatial distribution of a 
population and the biotic and abiotic variables that shape them (Aarts et al. 2012). 
The manner in which animals use and distribute themselves in time and space may 
differ between sexes within a species, as is demonstrated in various marine taxa, 
including marine reptiles (Galápagos marine iguana, Amblyrhynchus cristatus, 
Wikelski and Trillmich 1994), sea birds (wandering albatross, Diomedea exulans, 
Xavier et al. 2004), elasmobranchs (white shark, Carcharodon carcharias, Kock et al. 
2013) and marine mammals (elephant seal, Mirounga angustirostris, Le Boeuf et al. 
2000). Among odontocetes (toothed whales), there are several examples of sex-
specific patterns in space and habitat use (e.g., Whitehead and Weilgart 2000, 
Shelton et al. 2010). In beluga whales (Delphinapterus leucas), for example, adult 
females and their dependent offspring select shallow, open water habitats near the 
mainland during summer months, whilst adult males prefer habitats under the Arctic 
sea ice (Loseto et al. 2006). Likewise, boto (Inia geoffrensis) females and their 
dependent offspring dominate shallow, flooded forests during seasonal high waters, 
whereas males inhabit rivers (Martin and da Silva 2004). Sex-specific patterns in 
space and habitat use are often related to intrinsic factors (e.g., social structure or 
body size) and extrinsic factors (e.g., predation or environmental variables). 
Investigating differences in how and why the sexes distribute themselves is essential 
in understanding population dynamics and the ecology of the species (Wearmouth 
and Sims 2008).  
 
Bottlenose dolphins (Tursiops spp.) typically live in fission-fusion societies where sex-
specific association patterns exist (Würsig and Würsig 1977, Wells et al. 1987, 
Lusseau et al. 2006, Aureli et al. 2008). Adult females generally form loose 
associations with other females of similar reproductive status (Wells et al. 1987, 
Smolker et al. 1992, Möller and Harcourt 2008, Frère et al. 2010). Conversely, adult 
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males commonly form long-term alliances with other adult males (Wells et al. 1987, 
Möller et al. 2001, Parsons et al. 2003a, Connor and Krützen 2015). The distribution 
of females is shaped by ecological parameters, such as prey availability and 
predation risk (Connor et al. 2000), whilst the distribution of males is influenced on 
the whereabouts of receptive females (Connor et al. 1996). To increase mating 
opportunities, male home ranges may be larger than females, which is typical for 
polygynous species (Scott et al. 1990, Urian et al. 2009, Sprogis et al. In press; 
Chapter 3). Thus, sex-specific differences in association patterns and mating 
strategies may result in sex-specific differences in space and habitat use.  
 
There are limited studies focusing on sex-specific habitat use of bottlenose dolphins, 
most likely due to the inherent difficulties of readily determining the sex of 
individuals. Bottlenose dolphins lack obvious sexual dimorphism in size, colour and 
shape, and direct observation of their genitalia area is rare (Smolker et al. 1992, 
Connor et al. 2000). Sex determination is generally carried out through molecular 
analyses of biopsy samples, opportunistic observations of genitalia, or for adult 
females, from the consistent presence with a calf (Mann 2000a). Thus, determining 
the sex of a sufficient proportion of a population to carry out sex-specific studies 
requires long-term field effort (Morteo et al. 2014). Much of our understanding of 
sex-specific patterns in bottlenose dolphin social structure and movement ecology 
arise from long-term studies on the common bottlenose dolphin (T. truncatus) in 
Sarasota Bay, USA (Wells 2014), and on the Indo-Pacific bottlenose dolphin (T. 
aduncus) in Shark Bay, Australia (Connor et al. 2000). 
 
Seasonal movement patterns in delphinids 
 
Seasonal movement patterns in delphinids have been documented for pelagic 
dolphins (common Delphinus spp., Pacific white-sided Lagenorhynchus obliquidens, 
northern right whale Lissodelphis borealis; Cañadas 2008, Becker et al. 2014) and 
several coastal species, for instance Hector’s (Cephalorhynchus hectori, Rayment et 
al. 2010), dusky (Lagenorhynchus obscurus, Würsig et al. 1991), Indo-pacific 
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humpback (Sousa chinensis, Karczmarski et al. 1999), Guiana (Sotalia guianensis, 
Wedekin et al. 2007), Commerson’s (Cephalorhynchus commersonii; Coscarella et al. 
2010) and common bottlenose dolphins (T. truncatus; Wilson et al. 1997, Bearzi et 
al. 2008, Elliott et al. 2011, Daura-Jorge et al. 2013). Seasonal dolphin movement 
patterns are typically linked to prey availability and distribution (Degrati et al. 2012, 
Degrati et al. 2013). For example, killer whales (Orcinus orca) in Norway, occur in 
different areas during summer and autumn, coinciding with the distribution of their 
preferred prey (Similä et al. 1996).  
 
Dolphin movement patterns, however, also reflect a trade-off between prey 
availability and the risk of predation (Lima and Dill 1990, Heithaus and Dill 2002). As 
perceived predation risk varies among habitats, dolphins are likely to forage in less 
risky habitats at the cost of energetic intake (Heithaus and Dill 2002, Wirsing et al. 
2008). In Shark Bay, for example, the fine scale movements of T. aduncus are 
influenced by tiger sharks (Galeocerdo cuvier) during warmer months, where 
dolphins select habitats other than the productive shallows where sharks occur in 
high densities (Heithaus and Dill 2002). Although predation risk and prey availability 
affect dolphin movements and habitat use, studies are rarely able to incorporate this 
information given the difficulties in obtaining data across appropriate temporal and 
spatial scales (Redfern et al. 2006). For this reason, relatively few studies have 
investigated the influence of predator and prey distributions on dolphin space or 
habitat use (for notable exceptions, see; Similä et al. 1996, Allen et al. 2001, 
Heithaus and Dill 2002, Lusseau et al. 2004, Torres et al. 2008, Torres 2009, Elwen et 
al. 2010, Sveegaard et al. 2012, Degrati et al. 2013, Eierman and Connor 2014). 
 
Species distribution modelling as a tool to describe habitat use 
 
Species distribution modelling (SDM) investigates factors contributing to space and 
habitat use of study subjects. Species distributions have been modelled in terrestrial, 
freshwater and marine environments (Elith and Leathwick 2009). However, 
compared to terrestrial applications, SDM is relatively underutilised in the marine 
realm (Robinson et al. 2011). SDM have explored cetacean-habitat relationships, 
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overcoming data collection challenges of inherent perception and availability biases 
in the marine environment (Redfern et al. 2006). Models have explored 
anthropogenic impacts on cetacean distributions (e.g., Wedekin et al. 2010, 
Bonizzoni et al. 2014), impacts of climate change (e.g., Azzellino et al. 2008, Lambert 
et al. 2011) and habitat use patterns between sympatric species (e.g., Waring et al. 
2001, Parra 2006).  
 
Dolphin habitat use is influenced by biotic (e.g., sex, age, reproductive status, intra-
species associations) and abiotic factors (e.g., environmental variables). In coastal 
dolphin studies, abiotic variables commonly used in modelling include distance to 
shore (e.g., Parra et al. 2006b, Rayment et al. 2010), water depth (e.g., Elwen et al. 
2010, Isojunno et al. 2012), bottom slope (e.g., Cañadas et al. 2002, Ingram and 
Rogan 2002) and anthropogenic variables, such as distance from ports and 
encounter rates with fishing trawlers (e.g., Cañadas 2008, Bonizzoni et al. 2014). 
Benthic habitat type is seldom used as a variable, perhaps due to logistical and 
financial constraints in obtaining appropriate data. However, it has proven valuable 
in providing additional understanding of how study subjects use their environment 
(e.g., Parra 2006, Torres et al. 2008, McHugh et al. 2011a, Eierman and Connor 2014, 
Tyne et al. 2015). Only a few modelling studies on dolphin distributions have 
included biotic variables, such as the presence of calves (e.g., Cañadas 2008, 
Hartman et al. 2014); although, these inputs are likely important in differentiating 
sex-specific habitat use (Guisan & Thuiller 2005). For example, a study on the 
Galápagos sea lion (Zalophus californiannus wollebaeki) included sex class and 
reproductive status as predictor variables to explain habitat use (Wolf et al. 2005). 
This study reported that adult males frequent habitats that adult females use less 
often (regardless of reproduction season), and that the reproductive state of females 
influenced habitat use. In this case, space use and habitat use was dictated by 
mating strategies (Wolf et al. 2005). 
 
The objective of this study was to investigate i) seasonal and sex-specific space use 
of adult bottlenose dolphins and ii) biotic and abiotic factors that may influence the 
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spatial distribution of adult bottlenose dolphins in Bunbury, Western Australia. Space 
use of each sex was explored through kernel density analysis, whilst generalised 
additive models (GAM; Hastie and Tibshirani 1990) were used to elucidate factors 
that may influence the presence-absence of dolphins, i.e. distance to land, 20 m 
depth contour and shipping ports, water depth, bottom slope, seabed complexity, 
benthic habitat type, and the presence-absence of the opposite sex. 
 
4.2. Methods 
 
4.2.1. Dolphin population and study area  
 
From 2007–2013, this study took place in Bunbury (33°32’ S, 115°63’ E), temperate 
south-western Australia (Figure 4.1). Bunbury is currently the third largest city in 
Western Australia with a human population of ~65,000 that is projected to increase 
to >100,000 by 2026 (Australian Bureau of Statistics 2011, Western Australian 
Planning Commission 2013). The abundance of the local dolphin population is 
seasonally dependent, fluctuating from 76 (95% CI 68–85) adults and juveniles in 
winter to 185 (95% CI 171–200) in summer (Chapter 2). Adult dolphins exhibit 
seasonally preferred associations between females (Smith 2012) and strong bonds 
between males (Chapter 2), whilst males utilise larger home ranges than females 
(Sprogis et al. In press; Chapter 3).  
 
During 2007-2011, the study site encompassed 120 km2 and was surveyed for 
dolphins along three transect routes: Buffalo Beach, Back Beach and Inner water 
transect (Figure 4.1; Chapter 2 and Chapter 3). In August 2011, the spatial coverage 
increased to 540 km2 following the addition of three transect routes: Buffalo Beach 
offshore, Back Beach offshore and Busselton (Figure 4.1). Since 2011, off-set transect 
lines (spaced 600 m apart) were implemented to obtain broader coverage of habitat 
types within the study area (Figure 1; MacLeod et al. 2008, MacLeod 2010).   
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The Inner water transect encompassed the Leschenault Inlet and Estuary, Koombana 
Bay, the Inner and Outer Harbours and the lower reaches of the Collie River (Figure 
4.1 insert). The Inner waters have one of Western Australia’s largest shipping ports, 
and are also heavily used for recreational boating activities and dolphin-targeted 
tourism (Arcangeli and Crosti 2009, Jensen et al. 2009, Bunbury Port Authority 2013). 
Connected by a channel entrance to Koombana Bay, the Leschenault Estuary is 
shallow and narrow (max depth 2 m), approximately 27 km2 in size, with inputs from 
the Collie and Preston Rivers (Semeniuk et al. 2000). Koombana Bay is a shallow, 
semi-enclosed embayment within which shipping channels are dredged annually to 
~12 m. The coastal transects are characterised by relatively shallow waters, with a 
uniform sloping bottom reaching a maximum depth of 24 m. The tidal range in the 
study area was generally < 1 m.  
 
Chapter 4. Species distribution modelling 
 
 75 
 
Figure 4.1. The study site (Bunbury, Western Australia; 540 km2) was divided into six 
transects: Buffalo Beach, Buffalo Beach offshore, Back Beach, Back Beach offshore, 
Busselton transects and the Inner water transect. Each transect had off-set transect 
lines that were sequentially surveyed (dashed lines). The Inner water transect 
encompassed Koombana Bay, Leschenault Inlet and Estuary, Inner and Outer 
Harbours and the lower reaches of the Collie River. 
 
4.2.2. Data collection 
 
Photo-ID data were obtained from systematic boat-based surveys carried out across 
all austral seasons: summer (December–February), autumn (March–May), winter 
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(June–August) and spring (September–November) (Figure 4.1). Surveys were 
conducted at 10 kn using a 5 m research vessel with a 80 hp engine. Traversing a 
transect was defined as a survey, with each dolphin group encounter during a survey 
termed a sighting. Surveys were undertaken in weather conditions with Beaufort sea 
states ≤3 and with two to five observers (median = 4) on-board. Using the naked eye, 
observers scanned for dolphins out to approximately 250 m on either side of the 
vessel while on transect. The aim was to complete the three original transects 
(Buffalo Beach, Back Beach and the Inner water transects) six times per season, 
whilst completing the newer three transects (Buffalo Beach offshore, Back Beach 
offshore and Busselton) three times per a season. 
 
During each dolphin group sighting, a researcher aimed to photograph every dolphin 
dorsal fin for individual identification using a Nikon D300s camera with a 300 or 400 
mm lens (Würsig and Würsig 1977). Sightings lasted a minimum of five minutes 
(maximum of 30 min) to determine group composition and obtain sufficient 
photographic-identification (Photo-ID) images. For each group encounter, Global 
Positioning System (GPS) location, time, group composition and group size were 
recorded. A group was defined as one or more dolphins within 100 m of any other 
member involved in the same or similar activity (Smith 2012).  
 
Data processing: photographic-identification and sex determination  
 
Images of each dorsal fin were used to identify dolphins by unique nicks and notches 
(Würsig and Würsig 1977) and only good quality photographic images were used in 
subsequent analyses. Secondary markings (such as tooth rake scars) were not used, 
as individuals may only be sighted from one side and scars fade over time (Lockyer 
and Morris 1990). Each identifiable individual was assigned a unique three-letter 
code and added to a long-term database and dorsal fin catalogue. Dolphin re-
sightings were matched to the catalogue following the protocols from the Sarasota 
Dolphin Research Program (2006). To ensure correct identification of individuals, 
photo-ID of each individual was double-checked by a minimum of two researchers.  
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The sex of individual dolphins was determined through one of three methods: 
molecular analyses from biopsy samples collected as part of a separate research 
project (Daniel et al. In prep); visual confirmation of genital areas; or for adult 
females, repeated and consistent observations in the presence of a dependent calf. 
The approximate age of many individuals was unknown, therefore age classes were 
based on three broad categories: calf, juvenile and adult. Categories were based on 
body size and behaviour (Gero et al. 2005, Smith 2012; see section 2.2.2). Dolphin 
body length (as a proxy for age) was estimated in the field and re-confirmed post hoc 
through dolphin group images from the long-term photo-identification dataset. 
 
Only individuals of known sex and that were adults at the onset of the study were 
included in analyses. Juveniles were excluded to avoid potential ontogenetic shifts in 
space and habitat use, as newly-independent dolphins can exhibit a high degree of 
site fidelity to a subset of their natal area before expanding or shifting their range 
(Möller and Beheregaray 2004, McHugh et al. 2011a). Dependent calves were also 
excluded from analysis for similar reasons.  
 
4.2.3. Space use: density hotspot analyses 
 
The space use of adult male and adult female dolphins was assessed using kernel 
density analysis using Esri’s ArcGIS© 10.1 (Esri, Redlands, California). The Universal 
Transverse Mercator projection Zone 50 South based on the WGS 1984 datum was 
used. The ‘kernel density tool’ available from the spatial analyst toolbo  was chosen 
to calculate density per unit area from dolphin location points (Silverman 1986). 
Dolphin locations were plotted separately for each season. Sexes and seasons were 
analysed separately to provide a visual comparison of possible differences. Kernels 
were based on 1000 m search radius and 200 m2 cells, which allowed sufficient 
information to be included in narrow areas of the study site, such as rivers and 
estuaries (see also Chapter 3). Kernel intervals were based on 2.5 standard 
deviations from the mean for visual purposes.  
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4.2.4. Habitat use: presence-absence analyses using generalised additive models 
 
A presence-absence modelling approach was used to investigate factors that may 
explain the distribution of adult dolphins. Prior to modelling, data were prepared for: 
i) biotic and abiotic predictor variables; ii) response variables; and iii) survey effort.  
 
i) Biotic and abiotic predictor variables 
 
Biotic and abiotic predictor variables were used to explore the presence-absence of 
adult male and adult female dolphins. Dynamic environmental variables (such as sea 
surface temperature, chlorophyll concentration, tidal state and turbidity) were 
omitted from modelling due to low spatial variation and/or spatial resolution across 
the study area. The biotic variables used in modelling were the presence-absence of 
the opposite sex (see methods below) and benthic habitat type. Benthic habitat was 
determined via high-resolution satellite imagery at 7 m pixels (Multi-spectral Rapid 
Eye imagery). Satellite imagery was validated via 185 validation points that were 
collected across the study area following the drop-down camera methods described 
in Tyne et al. (2010). Each validation point was rated post hoc for the percentage of 
habitat cover using Coral Point Count (Kohler and Gill 2006). To discriminate 
between benthic habitat types, a k-means unsupervised habitat classification was 
carried out (for details on benthic habitat image processing see Appendix 8). The 
abiotic variables used were water depth, slope, seabed complexity, distance to the 
20 m depth contour and distance to coast. The anthropogenic variable used was 
distance to ports (combined inner and outer harbour ports), which was used as a 
proxy for human activity (Table 4.1).  
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Table 4.1. Overview of the biotic and abiotic predictor variables used in analyses. 
Predictor Variable Variable 
abbreviation 
Description 
Opposite sex PA_f_sum The presence-absence of the 
opposite sex during each season, 
e.g., adult females during summer = 
PA_f_sum, or for males = PA_m_sum 
Benthic habitat type Habitat_type Reef, sand, seagrass, deep waters, 
algae/reef, algae/sand, mud/sand 
and mud/silt. 
Water depth  Depth Depth was obtained from LiDAR data 
and resampled to 50 m pixels.  
Slope Slope The depth raster layer was used to 
generate a slope raster layer of the 
seafloor following MacLeod (2014). 
Seabed complexity Complexity Complexity was measured by 
calculating the standard deviation of 
the slope raster for 50m2 cells 
(MacLeod 2014). 
Distance to the 20 m depth 
contour, distance to coast 
and distance to ports 
Dist_20m, 
Dist_coast, 
Dist_port 
Raster grids of distance to coast, 20 
m depth contour and port were 
measured using Euclidean distance 
(i.e. the shortest straight line 
distance). 
 
ii) Response variables 
 
The response variable was the presence-absence of i) adult male and ii) adult female 
dolphins per austral season. Presence−absence models can provide an 
understanding of a species distribution within a surveyed area, and tend to perform 
better than presence-only approaches (i.e. Hirzel et al. 2001, MacLeod et al. 2008, 
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Praca et al. 2009). Count or density data were not used as a response variable as the 
sexes of all dolphins within a dolphin group were commonly not known. Therefore, a 
sex-specific approach would not have been achievable. Presence-absence maps were 
created following protocols from MacLeod (2014), with sightings of individual adult 
males and females sighted whilst on survey effort signifying presence. 
 
The documentation of dolphin absence was based on survey coverage. Survey 
coverage was quantified by entering each on-effort boat survey track, and adding a 
250 m buffer on both sides of all track lines. For each season, presence and absence 
data were spatially joined to 200 m2 grid cells. This grid cell size was chosen as it was 
small enough to allow for adequate detail of benthic habitat type within the narrow 
river and inlets, and large enough to incorporate a sufficient number of presence 
cells (Guisan et al. 2007). Each grid cell was classified as either 1 (dolphin presence) 
or 0 (dolphin absence) based on on-effort survey observations. Following this, land 
was masked out of each presence-absence map. Presence-absence raster layers 
were subsequently converted to points, allowing each cell to be characterised by the 
response variable and the mean of each predictor variable. 
 
iii) Survey effort  
 
False absences are zeros recorded due to factors such as observer error (visibility 
bias) or if animals were underwater and hence not detected (availability bias; 
MacLeod et al. 2007, Barbet-Massin et al. 2012). Conversely, true absences indicate 
the absence of an animal within a cell because it truly had not been observed there. 
True absences are difficult to obtain, especially for mobile species, and require 
higher levels of sampling effort to ensure reliability (Mackenzie and Royle 2005). To 
reduce the number of false absences, incorporating survey effort into the model is 
essential (Gu and Swihart 2004). To do this, survey effort was calculated for each 
season following protocols described by MacLeod (2011). From the survey coverage 
(described above), each on-effort trackline (including the 500 m buffer) was split into 
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sections per 200 m2 grid cell, after which the total amount of trackline per grid cell 
was calculated to create a total value of survey effort (m2).  
 
Statistical data exploration  
 
Eight models were developed to investigate biotic and abiotic factors that could 
explain the distribution of dolphins across the study area: the presence-absence of 
adult males and adult females, respectively, for each season (summer, autumn, 
winter and spring). All statistical analyses were carried out through R v3.0.3 software 
(R Development Core Team 2011). Data exploration followed Zuur (2010) by 
inspecting the data for missing values, independence, outliers, normality and 
collinearity (correlation between variables). The presence of outliers was inspected 
using boxplots and Cleveland dot plots (Cleveland 1993). Normality was assessed 
using histograms of the variables. Collinearity was investigated using multi-panel 
scatterplots and Pearson correlation. If there were correlations >/0.8 between 
variables, then one variable was dropped based on minimisation of the Akaike 
Information Criterion (AIC; Burnham and Anderson 2002, Burnham and Anderson 
2004). 
 
Generalised additive modelling  
 
Species-habitat relationships tend to be complex, thus generalised additive models 
(GAMs) were chosen as they work well at identifying and describing non-linear 
relationships (Austin 2002). A GAM takes the form: 
 
    )         )       )       ) 
      ) 
 
Where    ~ an exponential family distribution, g is a monotonic link function,   is a 
fixed parameter and s is a smoothing function of variables Xi. 
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Models were constructed using the mgcv package (Wood 2006, Wood 2011) using a 
binomial error distribution family (McCullagh 1989). Smoothers were applied to non-
linear variables and mgcv automated the degrees of freedom by cross-validation. 
Predictor variables were fit as a parametric term if the estimated degree of freedom 
for smoothers was 1 (Zuur 2012).  
 
The logit link function was used in models as it incorporates non-linear behaviour 
and assumes the data have approximately equal numbers of zeros and ones (Zuur 
2012). However, this was not the case as there was excess of cells where dolphins 
had not been observed (absence cells). Thus, absence cells were weighted based on 
survey effort (described above) to have a presence-absence ratio of 1:1 (Hirzel et al. 
2006, Barbet-Massin et al. 2012). The quality of a model can be significantly 
influenced by the location of absence cells, especially for non-parametric GAMs 
which are data driven (Yee and Mitchell 1991, Engler et al. 2004). Therefore, absence 
cells were weighted based the highest effort. To do this, an equal number of absence 
cells, based on the highest survey effort, were manually selected from each of the six 
transect areas (Figure 4.1). Thus, the weighted absence cells represented an equal 
spread across the study area (as selected across the 5402 km study area), whilst 
minimising false absences (as based on highest survey effort).  
 
To select the best set of biotic and abiotic variables and provide the most 
parsimonious model, manual backward stepwise selection based on minimisation of 
the AIC was used. The main output from the GAM contained the estimated 
regression parameters, smoother degrees of freedom and approximate p-values 
(Zuur 2012). In binomial GAMs, over-dispersion does not occur. Model fit was 
assessed using R2 scores, that is the fraction of variance explained by a model. A 
model with a score closest to 1 provides best fit to the data. The deviance explained 
is the same measure as R2, although expressed as a percentage. 
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Model validation 
 
Once each model was fit, ordinary residual (misclassification) plots of each model 
were inspected for model mis-fit, homogeneity, influential observations and 
normality. Residuals were plotted against each variable to test for independence due 
to model mis-fit. To verify homogeneity of variance, residuals were plotted against 
fitted values, where the residual variation should be similar (Zuur et al. 2010). Cook’s 
distance values were used to test for influential points (Wood 2006). Histograms and 
quantile-quantile plots of residuals were created to verify the assumption of 
normality.  
 
Model evaluation 
 
Each model was evaluated for the ability to correctly select habitat and exclude non-
habitat. In presence-absence modelling, two types of errors can occur: false positives 
(commission) from predicating study species presence where it does not occur; and 
false negatives (omission) from failing to predict where a study species does occur 
(Guisan and Thuiller 2005). To summarise how well each model performed, a 
contingency table was created with true positive/negative fractions and false 
positive/negative fractions (Fielding and Bell 1997). Receiver operating 
characteristics (ROC) were then created using the ROCR package in R (Sing et al. 
2005). ROC plots display the true positive fraction (sensitivity) against the false 
positive fraction (1-specificity; Metz 1978, Pearce and Ferrier 2000). The area under 
the ROC curve (AUC) was then calculated (Hanley and McNeil 1982), which is 
measure of goodness-of-fit and varies between 0.5 (by chance) and 1 (perfect fit; 
Hirzel et al. 2006). 
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4.3. Results 
 
4.3.1. Survey effort and sex-specific sighting frequencies  
 
During the six-year study, 586 surveys were conducted (Table 4.2), including 177 of 
the inner water transect and 409 of the open coastal transects combined (Table 4.3). 
In total, 1581 dolphin groups were sighted while on survey effort (Table 4.2). In total, 
463 individual dolphins were identified: 263 adults, 80 juveniles and 120 calves. Of 
these, sex was confirmed for 215 individuals (83 males and 132 females). Dolphins 
that were included in analyses were individuals that were classed as adults from the 
beginning of the study, resulting in 149 individuals (50 adult males and 99 adult 
females). Of these, adult males and adult females were sighted on 1,249 and 2,816 
occasions, respectively. Adult male sighting frequency ranged from 1–69 (25 ± 2.70 
SE) and adult female sighting frequency ranged from 1–122 (28 ± 3.18 SE). Adult 
males and adult females were encountered more often during summer and autumn 
than winter and spring (Table 4.4). Adult females were sighted twice as often than 
males during winter (Table 4.4).  
 
Table 4.2. Annual survey effort with number of on-effort dolphin group sightings 
(March 2007- August 2013). 
Year # of surveys # of days # of months # of group 
sightings 
2007 51 48 10 218 
2008 94 90 12 295 
2009 93 90 12 298 
2010 96 73 12 214 
2011 91 75 12 222 
2012 113 89 12 252 
2013 48 37 08 82 
Total 586 502 78 1581 
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Table 4.3. The number of times each transect was surveyed (Inner water, Back Beach 
and Buffalo Beach transects from March 2007–April 2013; Back Beach offshore, 
Buffalo Beach offshore and Busselton transects from August 2011–August 2013). 
Year Inner 
waters 
Back 
Beach 
Buffalo 
Beach 
Back 
Beach 
offshore 
Buffalo 
Beach 
offshore 
Busselton Total 
2007 22 16 13 NA NA NA 51 
2008 34 28 32 NA NA NA 94 
2009 30 27 36 NA NA NA 93 
2010 30 30 36 NA NA NA 96 
2011 25 27 24 5 4 6 91 
2012 23 23 25 15 13 14 113 
2013 13 8 9 9 7 2 48 
Total 177 159 175 29 24 22 586 
 
Table 4.4. The mean number of times each identified adult male and adult female 
dolphin was sighted (± standard errors) across seasons between March 2007- August 
2013.  
 Summer (n = 6) Autumn (n = 7) Winter (n = 7) Spring (n = 6) 
Males (n= 50) 9.50 ± 1.22 6.96 ± 0.71 3.40 ± 0.34 5.12 ± 0.67 
Females (n= 99) 9.35 ± 1.10 7.31 ± 0.73 6.35 ± 0.87 5.42 ± 0.71 
 
4.3.2. Space use: density hotspots 
 
The space use of adult males and adult females varied seasonally (Figure 4.2). During 
summer, both adult males and adult females were concentrated close to the coast, 
with a high use area in Koombana Bay (Figure 4.3). During summer, there were few 
sightings of adult dolphins on the offshore transects (n = 2 and 3 sightings in low 
densities of adult males and females, respectively).  
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Compared to summer, sightings of adult females and adult males were less abundant 
and more spread out during winter. There was an increase in sightings on the 
offshore transects during winter (n = 5 and 7 sightings with high densities of adult 
males and females, respectively). The greatest Euclidean distance offshore recorded 
in the winter for adult males and adult females was 10.5 km at a depth of >21 m. 
Adult females also increased their use of the Leschenault Estuary during cooler 
seasons, especially winter. This dolphin concentration in the estuary was composed 
mainly of adult females and their dependent offspring. Over the course of the study, 
12–14 adult females consistently used the estuary during this period.  
 
 
Figure 4.2. Kernel density maps of adult males (top row) and adult females (bottom 
row) during summer, autumn, winter and spring. n = the total number of adult male 
and adult female sightings (including re-sightings) per seasons. Black kernels indicate 
the highest density of individuals during the season.  
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4.3.3. Habitat use: presence-absence analyses using generalised additive models 
 
Classification of benthic habitat types 
 
Benthic habitat type was determined in GIS through field validation and classification 
of satellite imagery (see Appendix 8 for details). Benthic habitat types were classified 
as reef, sand, seagrass, deep water, algae/reef, algae/sand, mud/sand and mud/silt 
(Figure 4.2). Overall, reef was located in shallow waters in the northern coastal 
section of the study area, whereas seagrass was predominately in the southern 
section. The habitat type in Koombana Bay, where there is a commercial shipping 
harbour and dredged channel, consisted mainly of mud/silt. The shallow Leschenault 
Estuary consisted of mostly mud/sand but contained patches of seagrass and 
algae/reef. 
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Figure 4.3. Benthic habitat type was classified through validation of satellite imagery. 
Habitat type consisted of mixed and homogenous classes; reef, sand, seagrass, deep 
waters, algae/reef, algae/sand, mud/sand, mud/silt. 
 
Collinearity of predictor variables 
 
If collinearity between variables existed, the variable that reduced the overall AIC the 
most was chosen in order to create the most parsimonious model. Pair-wise 
comparisons showed that slope and seabed complexity were collinear (Pearson 
correlation coefficient ranging from 0.9–1) for all eight GAM models. To avoid issues 
of collinearity, complexity was included and slope was dropped from all models, as 
slope was highly uniform across the study area. Furthermore, for males and females 
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in summer, water depth and distance to the 20 m depth contour were collinearity 
(Pearson correlation coefficient ranging from 0.8–0.9; distance to the 20 m depth 
contour excluded). For males and females in autumn, water depth and distance to 
the coast were collinear (Pearson correlation coefficient -0.8; water depth excluded). 
For males in spring, habitat type and distance to port were collinear (Pearson 
correlation coefficient -0.8; distance to port excluded). All final models are described 
below. 
 
Presence-absence of adult males and adult females during summer 
 
For adult males during summer, the best-fitting model included terms for the 
presence-absence of females, habitat type, water depth, distance to coast, distance 
to port and seabed complexity (AIC = 258.41, Table 4.5). Male presence was 
significantly related to distance to coast, with the majority of presence cells within 
3000 m from the coast (p<0.0001; Table 6, Figure 4.4A). The variables selected in the 
model predicting the presence of adult females during summer were the presence-
absence of males, habitat type, distance to coast, distance to port and water depth 
(AIC = 328.72, Table 5). Female presence was significantly related to distance to 
coast, with dolphin presence increasing closer to the coast (p<0.0001; Table 6, Figure 
4.4B). The presence of females was also influenced by habitat type; algae/reef, 
algae/sand and sand (p = 0.0066, 0.013 and 0.023, respectively).  
 
During summer, there were 126 and 194 cells where adult males and adult females 
were present, respectively (Table 5). Of these cells, 16 included both sexes. However, 
the density of males and females (see Figure 4.3) within these 16 cells could not be 
taken into account in presence-absence modelling. 
 
Presence-absence of adult males and adult females during autumn 
 
For adult males during autumn, the best-fitting model included terms for distance to 
the 20 m depth contour and distance to coast (AIC = 273.57, Table 4.5). Adult male 
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presence was significantly related to distance to 20 m depth contour during autumn 
(p = 0.00077; Table 4.6, Figure 4.4C). For adult females during autumn, the most 
parsimonious model included distance to port, distance to coast and seabed 
complexity (AIC = 496.08, Table 4.5). In this case, the most significant variables 
explaining the presence of adult females were distance to coast and port (p<0.0001 
and <0.0001, respectively), with a decreasing trend in presence beyond 5000 m from 
the coast (Table 4.6, Figure 4.4D). 
 
Presence-absence of adult males and adult females during winter 
 
For adult males during winter, the best set of biotic and abiotic variables from model 
selection were the presence-absence of females, water depth, seabed complexity 
and distance to coast (AIC = 75.86, Table 5). Male presence was significantly related 
to the presence-absence of adult females (p<0.0001). For adult females during 
winter, the variables selected in the model were the presence-absence of males, 
distance to coast, distance to port, depth and seabed complexity (AIC = 419.09, Table 
5). The most significant variables explaining the presence of adult females were 
distance to coast and port (p = 0.0026 and 0.0025, respectively). In contrast to other 
seasons, the probability of female and male presence showed an increasing trend 
further from the coast (Table 6, Figure 4.4E and F). 
 
Presence-absence of adult males and adult females during spring 
 
For adult males during spring, the most parsimonious model included benthic habitat 
type, distance to the 20 m depth contour, distance to coast, water depth and seabed 
complexity (AIC = 144.13, Table 4.5). Distance to the 20 m depth contour, coast and 
habitat type (sand) were all marginally significant in predicting the presence of adult 
males during spring (p = 0.033, 0.036 and 0.020, respectively; Table 4.6; Figure 4.4G). 
The variables selected in the model predicting adult females during spring were the 
presence-absence of males, distance to coast, distance to the 20 m depth contour 
and water depth (AIC = 264.87, Table 4.5). Distance to coast was highly significant in 
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predicting presence of adult females during spring, with a gradual decrease in 
presence with increasing distance from the coast (p<0.0001; Table 4.6, Figure 4.4H). 
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Table 4.5. Summary of the eight generalised additive models used to explain the presence-absence of adult male and female bottlenose 
dolphins. The table provides an overview of a) the number of 200 m2 grid cells wherein dolphins were present for each season (with an equal 
number of absence cells). In parentheses: the number of cells that contained the presence of both sexes); b) the most parsimonious model for 
each dataset; c) % deviance explained; d) area under the curve (AUC) value; e) and significant variables (p <0.005 and p < 0.05).  
Model # of presence 
cells 
GAM model % Deviance 
explained 
AUC p <0.005 p < 0.05 
Male summer 126 (16) PA_m_sum ~ PA_f_sum + factor(Habitat_Type) + 
s(Depth) + s(Dist_coast) + s(Dist_port) + 
s(Complexity) 
38.7 0.88 Dist_coast Depth, Complexity 
Female summer 194 (16) PA_f_sum ~ PA_m_sum + factor(Habitat_Type) + 
s(Dist_coast) + s(Dist_port) + s(Depth) 
45.0 0.91 Dist_coast Algae/reef, Algae/sand,  
Sand, Dist_port 
Male autumn 114 (13) PA_m_aut ~ s(Dist_20m)  
+ s(Dist_coast) 
21.2 0.78 Dist_20m NA 
Female autumn 215 (13) PA_f_aut ~ Dist_port + s(Dist_coast) + s(Complexity) 21.8 0.79 Dist_coast
, Dist_port 
NA 
Male winter 50 (35) PA_m_win ~ PA_f_win + Depth + s(Complexity) + 
s(Dist_coast) 
55.6 0.94 PA_f_win NA 
Female winter 202 (35) PA_f_win ~ PA_m_win + s(Dist_coast) + s(Dist_port) 
+ s(Depth) + s(Complexity) 
37.3 0.86 Dist_coast
, Dist_port 
Depth 
Male spring 71 (2) PA_m_spr ~ factor(Habitat_Type) + s(Dist_20m) + 
s(Dist_coast) + s(Depth) + s(Complexity) 
52.1 0.93 NA Sand,  
Dist_coast, Dist_20m 
Female spring 138 (2) PA_f_spr ~ PA_m_spr + s(Dist_coast) + s(Dist_20m) + 
s(Depth) 
40.2 0.88 PA_m_spr, 
Dist_coast 
Dist_port, Dist_20m 
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A) General additive functions for males during summer 1 
 2 
B) General additive functions for females during summer 3 
 4 
 5 
 6 
 7 
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C) General additive functions for males during autumn 8 
 9 
D) General additive functions for females during autumn 10 
 11 
 12 
 13 
 14 
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E) General additive functions for males during winter 15 
 16 
F) General additive functions for females during winter 17 
 18 
 19 
 20 
 21 
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G) General additive functions for males during spring 22 
 23 
H) General additive functions for females during spring 24 
25 
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Figure 4.4. A-H. General additive functions for each predictor variable with 
smoothers applied on the presence of each response variable (Y axis: fitted smooth 
function, X axis = short vertical lines represents individual sample points). The 
package mgcv automated the degrees of freedom by cross-validation for the 
smoothers (represented on the Y axes). The solid line represents the smoothing 
curve and the grey areas represent the 95% confidence bands. The small black dots 
are the plotted residuals. 
 
Table 4.6. Significance of each smoothed variable in each model (estimated p-value), 
including their estimated degrees of freedom (Edf) and chi-squared value (X2). 
Model Variable Edf X2 p-value 
Males 
summer 
Depth 2.54 9.43 0.030 
Dist_coast 4.40 34.07 >0.0001 
Dist_port 4.07 6.34 0.280 
Complexity 3.63 10.50 0.042 
     
Females  
summer 
Dist_coast 5.89 38.20 >0.0001 
Dist_port 7.54 18.70 0.022 
Depth 4.13 7.10 0.223 
     
Males 
autumn 
Dist_20m 5.24 23.61 >0.0001 
Dist_coast 1.25 4.77 0.053 
     
Females  
autumn 
Dist_coast 4.99 29.33 >0.0001 
Complexity 2.12 5.33 0.110 
     
Males  
winter 
Complexity 1.86 1.27 0.610 
Dist_coast 2.27 6.49 0.078 
     
Females  
winter 
Dist_coast 5.92 21.93 0.003 
Dist_port 8.84 25.45 0.002 
Depth 6.61 14.82 0.049 
Complexity 4.31 6.65 0.268 
     
Males 
spring 
Dist_20m 7.25 16.45 0.033 
Dist_coast 2.15 8.22 0.036 
Depth 5.52 8.86 0.211 
Complexity 2.05 2.42 0.519 
     
Females  
spring 
Dist_20m 8.40 20.75 0.011 
Dist_coast 3.04 23.36 >0.0001 
Dist_port 6.27 16.57 0.0270 
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4.4. Discussion 
 
This study identified sex-specific differences in seasonal space and habitat use of a 
coastal bottlenose dolphin population. Kernel density analyses were used to visualise 
seasonal space use, whilst GAMs were used to elucidate factors that influence 
habitat use in relation to biotic and abiotic variables. Results indicated that distance 
to coast was an important and consistent variable influencing habitat use. In summer 
and autumn, both adult males and adult females were highly clustered in the 
shallow inshore waters. This preference for inshore waters was less pronounced 
during winter when dolphins were more dispersed throughout the study area. 
During winter and spring, both adult males and females were sighted in offshore 
waters, however, males were seen significantly less often, with a sighting rate 
approximately half of that of females. The seasonal differences in dolphin 
distribution likely reflect seasonal fluctuations in prey distribution and availability 
combined with mating priorities during the warmer months. Additionally, across all 
seasons apart from summer, a subgroup of adult females with dependent offspring 
was highly concentrated within the estuary. Overall findings likely reflect complex 
interactions among sex-specific mating strategies, seasonal prey fluctuations and 
predation risk. 
 
4.4.1. Factors influencing dolphin space and habitat use across seasons 
 
During winter and spring, dolphins were more dispersed throughout the study area 
and found further offshore than during summer. Many of the same individuals 
sighted offshore during winter were also sighted inshore during summer and 
autumn. Similar shifts offshore during winter have been documented for T. truncatus 
populations off Texas and Florida, USA (Maze and Würsig 1999, Fazioli et al. 2006) 
and for Hector’s (Slooten et al. 2006, Rayment et al. 2010) and dusky dolphins in 
New Zealand (Würsig et al. 1991). In each of these studies, fluctuations in prey 
distribution were suggested as the main factor explaining the seasonal inshore-
offshore distribution of dolphins. 
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Seasonal differences in prey distribution and availability may also be influencing the 
seasonal distribution of dolphins off Bunbury. This is consistent with findings of a 
complementary research initiative in the study area that specifically quantified 
seasonal abundance, biomass, and calorific content of ‘potential dolphin prey’ in the 
Leschenault Estuary, Koombana Bay and near-by coastal waters (McCluskey et al., 
unpublished data4). Using three types of fishing gear (seine nets, traps, and gill nets), 
this study documented that within the Bunbury inner waters, potential dolphin prey 
is lower in abundance and biomass during the winter compared to summer. Thus, it 
is likely that dolphins needed to search further afield for prey. The distribution of 
dolphin prey in the offshore study area in unknown, however, prey may be 
associated with the Leeuwin Current – an oceanic current system offshore of 
Bunbury.  
 
The Leeuwin Current transports warm, tropical water pole-wards along the Western 
Australian coastline (Godfrey and Ridgway 1985, Pearce and Phillips 1988, Cresswell 
and Griffin 2004). During winter, the current strengthens and prevents upwelling of 
nutrient rich waters, rendering the oceanic region relatively oligotrophic. Inundation 
of the shelf by the current can result in the entrainment of nutrient rich shelf waters, 
although, water column production is usually lower than observed in the summer 
months (Pearce and Griffiths 1991, Pearce and Pattiaratchi 1999, Hanson et al. 2005, 
Koslow et al. 2008). The Leeuwin Current ultimately affects the recruitment and 
distribution of fish species (Lenanton et al. 1991, Caputi et al. 1996). Given the 
dominant offshore Leeuwin Current coupled with the relatively low abundance and 
biomass of potential dolphin prey in the inner waters, it is likely that dolphins move 
offshore and/or temporarily emigrate out the Bunbury study area during winter in 
search of the necessary prey resources (Chapter 2). 
 
An unexpected result from this study was that during winter the presence of adult 
males was influenced by the presence-absence of adult females. It is unlikely, 
however, that the distribution of males was directly influenced by the distribution of 
                                                          
4
 McCluskey, Shannon. Murdoch University Cetacean Research Unit, unpublished data. 
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females during this time, as it falls outside the breeding season of this population 
(Smith 2012). Alternatively, findings are likely a consequence of prey patchiness 
along the coast and offshore during winter. As such, both male and female dolphins 
residing throughout the study area may be attracted to the same prey resources 
resulting in mixed-sex foraging aggregations.  
 
During summer and autumn, adult male and adult female dolphins were rarely 
sighted on the offshore transects, and showed a strong preference for being close to 
the coast. The increase in inshore space use is concurrent with high abundance and 
biomass of potential dolphin prey in inshore waters (McCluskey et al., unpublished 
data4). Dolphin prey during summer may be supported by the seasonal, north-ward 
flowing Capes Current (Pearce and Pattiaratchi 1999). As the southerly winds 
strengthen during summer, the Leeuwin Current weakens, allowing the Capes 
Current to transport temperate, nutrient rich waters to the study area (Lenanton et 
al. 1996, Pearce and Pattiaratchi 1999).  
 
In addition, the increase in dolphin space use close to the coast coincides with an 
increase in dolphin abundance (Smith et al. 2013; Chapter 2) and the peak breeding 
and calving season (Smith 2012). This is consistent with studies elsewhere, which 
show that during the breeding season, polygynous male dolphins are attracted to 
seasonally oestrous females (Mann 2000b, Wells 2003). To consort females, males 
may herd, guard or use force to encourage mating (Smuts and Smuts 1993, Connor 
and Smolker 1996). The success of the males mating tactic depends on their ability 
to monopolise and mate with multiple females when they are receptive and most 
likely to conceive, i.e. during summer and autumn (Connor et al. 1996). Thus, dolphin 
preference for Bunbury inshore waters during summer and autumn is likely 
explained by a combination of dolphin mating strategies and seasonal prey 
availability. 
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4.4.2. The importance of the estuary for adult females and dependent offspring  
 
During cooler months, a subgroup of adult females (12–14) and their dependent 
calves concentrated their space use to the confines of the Leschenault Estuary. 
These females had relatively small home ranges compared to females that used 
open coastal waters (Smith 2012, Sprogis et al. In press; Chapter 3). Elsewhere, 
estuaries are nursery areas for female dolphins and their dependent offspring, as 
they provide both high prey resources and sheltered waters (Scott et al. 1990, Fury 
and Harrison 2011b, Chabanne et al. 2012). Similarly, in the Leschenault Estuary, 
potential dolphin prey is found in high densities (McCluskey, S unpublished data4; 
Veale et al. 2014), and the overall densities and species composition of fishes is 
greater than in the adjacent Koombana Bay (Potter et al. 1997, Potter et al. 2000). 
Moreover, the energy content of potential dolphin prey in the estuary is high, 
including for Australian salmon (Arripis truttaceus) and blue fish (Pomatomus 
saltatrix; McCluskey, S. unpublished data4). Availability of high quality prey may 
support the dietary requirements and energetic demands of lactating female 
dolphins and their offspring (Bernard and Hohn 1989, Cockcroft and Ross 1990b). In 
addition, the shallow estuary may provide protection from predatory sharks. 
Predation attempts on dolphins in Bunbury is evident from shark bite wounds (King 
2014). Evaluation of bite marks suggest that an array of shark species are 
responsible, including white, tiger and several smaller Carcharhinid species (King 
2014). Dolphin calves are likely the most vulnerable to predation, due to their small 
size and inexperience (Hartman et al. 2014). This is evident in Shark Bay, as one-third 
of T. aduncus calves bear evidence of shark bite wounds (Mann and Barnett 1999). 
Therefore, the Leschenault Estuary may provide protection and the necessary prey 
resources for lactating females and their dependent offspring. 
 
During summer, females and their dependent offspring were not sighted as 
frequently in the Leschenault Estuary compared to other seasons. The water 
temperature of the estuary increases and becomes hypersaline, particularly in the 
shallow northern section, and thus experiences a decline in fish composition and 
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abundance (Veale et al. 2014). As such, prey availability may not be sufficient to 
support females and their dependent offspring during summer. Further investigation 
into the importance of the Leschenault Estuary for females and their dependent 
offspring is required to elucidate factors that contribute to their seasonal usage, and 
segregation from males. 
 
4.4.3. Anthropogenic factors affecting dolphin space and habitat use 
 
Bottlenose dolphin space and habitat use are not only influenced by the distribution 
of predators and prey, mating strategies and environmental variables but also by 
anthropogenic activities (Bejder et al. 2006b, Nowacek et al. 2007, Jefferson et al. 
2009, Bonizzoni et al. 2014, Baş et al. 2015, Pirotta et al. 2015). In Bunbury, the inner 
waters support one of Western Australia’s largest shipping ports, recreational water 
activities and dolphin-focussed tourism. In addition, planned development projects 
include the deepening of the port’s shipping channel, port expansion and a major 
waterfront development including a new marina, the addition of 250 boat pens, 
three new break walls and additional boat launching facilities (Landcorp 2013). 
Elsewhere, similar activities associated with coastal development projects (dredging, 
pile-driving, rock fracturing and increases in vessel traffic) have resulted in dolphin 
habitat degradation (Jefferson et al. 2009) and abandonment (Brandt et al. 2011, 
Pirotta et al. 2013, Weaver 2015).  
 
In Bunbury, recreational water activities (e.g., fishing, water skiing and jet skiing) and 
tourism (dolphin-watch and swim-with tours) may also influence dolphin habitat use. 
Vessels with outboard motors travelling > 5 knts decrease the acoustic 
communication range between dolphins significantly in the study area (Jensen et al. 
2009) and may influence dolphin habitat use. Furthermore, the dolphin-targeted 
tourism industry attracts around 60,000 visitors per year (Bunbury Dolphin Discovery 
Inc. 2008), and tourism vessels naturally target dolphin hotspots in the bay. 
Therefore, dolphins using these hotspots may be disproportionately and adversely 
impacted (Bejder et al. 2006b, Lusseau 2014). Tourism vessels affect the behaviour 
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of dolphins in Koombana Bay by altering their behavioural states, causing them to 
spend less time resting and foraging (Arcangeli and Crosti 2009). In other locations, 
tourism activities also disturb important behaviours and have displaced dolphins 
from preferred habitats (Janik and Thompson 1996, Bejder et al. 1999, Constantine 
2001, Constantine et al. 2004, Christiansen et al. 2010). With cumulative impacts of 
short-term responses from vessel disturbance (Bejder et al. 2006a), there is potential 
for long-term habitat abandonment by dolphins in Bunbury (Lusseau 2005, Bejder et 
al. 2006b, Christiansen et al. 2015, Christiansen and Lusseau 2015).  
 
The results from this study highlighted that distance to port (a proxy for on-water 
human activity) was a significant variable influencing female habitat use during 
autumn and winter. However, the interpretation of how human activity (shipping 
ports) influenced dolphin habitat use was confounded by the documented hotspots 
within the bay that are in close proximity to the ports. Future research should 
incorporate greater detail of commercial and recreational activities within the study 
area, which may be more representative of human activities than the variable used 
in the current study (distance to port). Detailed studies on the possible impacts of 
anthropogenic activities on dolphins are of importance, given the current plans to 
expand the port and waterfront areas (Lanco Resources Australia 2013, Landcorp 
2013, Bunbury Port Authority 2014).  
 
Future research should assess cumulative impacts of human activities (commercial 
and recreational) on dolphin behaviour, space and habitat use in Bunbury. Based on 
the documented sex-specific space and habitat use patterns, male and female 
dolphins may differ in their susceptibility to threats (e.g., Lusseau 2003b, Symons et 
al. 2014) and be impacted disproportionately (e.g., Crespo et al. 1997, Baird et al. 
2015). It is recommended that potential impacts of human activity on dolphins in 
Bunbury should be evaluated on a sex-specific basis. 
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Chapter 5. Conclusions 1 
 
Bottlenose dolphins typically live in fission-fusion societies, in which group 2 
composition is dynamic and sex-specific (Connor et al. 2000). Groups of bottlenose 3 
dolphins typically consist of individuals of similar age, sex and reproductive status, 4 
resulting in the formation of mother-calf, adult-male and mixed-sex juvenile groups 5 
(Wells et al. 1987, Smolker et al. 1992). Sex-specific mating strategies are 6 
exemplified by females distributing themselves based on resource availability and 7 
predation risk and, in turn, the distribution of males is heavily influenced by the 8 
location of receptive females, a pattern typical of mammals (Emlen and Oring 1977, 9 
Wrangham and Smuts 1980). In this thesis, I explored sex-specific differences in 10 
abundance, demographic parameters, home range size, and space and habitat use of 11 
Indo-Pacific bottlenose dolphins (Tursiops aduncus). To achieve this, I completed an 12 
integrated analysis of a six-year study in coastal and sheltered waters off Bunbury, 13 
Western Australia. This research addressed a knowledge gap by exploring sex- 14 
specific differences of adult bottlenose dolphins, thus allowing for a more holistic 15 
understanding of their behavioural ecology. 16 
 17 
Sex-specific patterns were detected, the most pronounced were: i) abundance 18 
estimates and sighting frequencies were generally higher for adult females than 19 
adult males, ii) females typically had smaller home ranges than males, iii) both 20 
females and males clustered close to the coast in summer and autumn, and were 21 
more dispersed throughout the study area during winter and spring (including 22 
offshore waters), and iv) a subgroup of females were segregated from males and 23 
concentrated in a shallow, sheltered estuary across all seasons apart from summer. 24 
Here, I suggest that the documented sex-specific and seasonal patterns ultimately 25 
reflect seasonal fluctuations in prey availability coupled with mating priorities during 26 
the warmer months. 27 
 28 
In the Bunbury dolphin population, females form cyclic bonds that strengthen during 29 
the summer/autumn breeding season (Smith 2012), and adult males form stronger 30 
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associations with other adult males (Chapter 2). In other bottlenose dolphin 31 
populations, males form long-term, stable alliances with other males as a strategy to 32 
cooperatively gain access to females (Wells 2003, Connor and Krützen 2015). Male 33 
alliances have been identified for T. aduncus in Shark Bay and Port Stephens, 34 
Australia (Connor et al. 1992b, Möller et al. 2001). However, further research is 35 
required to complement findings reported in this thesis to confirm the existence of 36 
male alliances in the Bunbury dolphin population.  37 
 38 
Abundance estimates for males and females varied seasonally and were generally 39 
higher in summer and autumn, and lower in winter and spring (Chapter 2). During 40 
summer and autumn, dolphins were clustered closer to the coast, especially in the 41 
semi-sheltered Koombana Bay (Chapter 4). Individual sighting frequencies of both 42 
adult males and females were higher during this period (Chapter 2 and 4). During 43 
summer there was also an increase in potential dolphin prey abundance and 44 
biomass close to the coast (McCluskey et al., unpublished data5). These findings 45 
coincide spatially and temporally with the peak breeding season occurring in late 46 
summer/early autumn (Smith 2012), and is consistent with studies elsewhere, 47 
demonstrating that, during the breeding season, male dolphins are attracted to 48 
seasonally oestrous females (Connor et al. 1996, Wells 2003).  49 
 50 
Outside of the breeding season, in winter, the abundance of dolphins declined in 51 
near-shore waters (Chapter 2) and dolphins were dispersed throughout the study 52 
area (Chapter 4). During winter, males were sighted half as often as females 53 
(Chapter 4) and dolphins were also sighted further offshore (>10 km from the coast). 54 
It remains unknown as to why dolphins were observed further offshore during cooler 55 
months, however their movements are likely influenced by seasonal fluctuations in 56 
prey availability, and less-so by receptive females. Close to the coast, potential 57 
dolphin prey is lower in abundance and biomass during the winter compared to 58 
summer (McCluskey et al., unpublished data5). Thus, prey availability may relate to 59 
the strength of the pole-ward flowing Leeuwin Current, which transports warm, 60 
                                                          
5
 McCluskey, Shannon. Murdoch University Cetacean Research Unit, unpublished data. 
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tropical water along the Western Australian coastline (Cresswell 2009). During 61 
winter, the Leeuwin Current strengthens and flows onto the continental shelf, which 62 
influences the recruitment and distribution of fishes (Lenanton et al. 1991, Caputi et 63 
al. 1996, Hanson et al. 2005). Further research on both prey availability and dolphin 64 
behaviour is required to form a more comprehensive understanding of seasonal 65 
dolphin movements in offshore waters.  66 
 67 
In 2009, there was an unprecedented decline in dolphin abundance and a peak in 68 
temporary emigration out of the study area for both males and females (Chapter 2). 69 
Coincident with this decline was the only El Niño event during the six-year study. 70 
During El Niño events, the Leeuwin Current weakens (Feng et al. 2009), and is likely 71 
to have altered dolphin prey distribution and, therefore, dolphins. Dolphins may 72 
have temporarily emigrated out of the study area to search further afield for the 73 
necessary prey resources. This finding suggests i) that large-scale environmental 74 
fluctuations can influence dolphin movement patterns (Stenseth et al. 2002, Lusseau 75 
et al. 2004), even if indirectly, and ii) the importance long-term monitoring 76 
programs, which allows for the detection of trends and anomalies in population 77 
characteristics.  78 
 79 
Abundance estimates varied between sexes, with males generally being less 80 
abundant in the study area compared to females (Chapter 2). This may be due to 81 
their larger home ranges (Sprogis et al. In press; Chapter 3) resulting in lower 82 
densities in the study area. One advantage of having larger home ranges for males is 83 
increased encounter rates with receptive females, as has been suggested in Sarasota 84 
Bay, where males rove among female groups for mating opportunities (Owen et al. 85 
2002). This strategy is typical of a polygynous mating system, where male 86 
reproductive success increases with the number of successful mating attempts 87 
(Gaulin and Fitzgerald 1989).  88 
 89 
During winter, a subgroup of adult females and their dependent offspring were 90 
concentrated in the shallow Leschenault Estuary (Chapter 4). The estuarine waters, 91 
which are abundant in dolphin prey and provide a sheltered environment, appear to 92 
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be an important habitat for this subgroup of females. Prey in the estuary is found in 93 
high densities and quality (Veale et al. 2014; McCluskey et al., unpublished data5), 94 
and, thus, may support the dietary requirements of lactating females and their 95 
dependent offspring. This habitat may also afford females and their dependent 96 
offspring protection from larger predatory sharks, which are unlikely to enter the 97 
shallow estuary during this time. 98 
 99 
The home ranges of adult male and female dolphins that resided in the sheltered 100 
inner waters (bay, estuary, harbours, inlet) had smaller home ranges than the 101 
dolphins that were frequently sighted along open coastal waters (Sprogis et al. In 102 
press; Chapter 3). This finding is consistent with optimal foraging theory that 103 
predicts that when prey is spatially and temporally predictable, predators will remain 104 
in relatively small areas (MacArthur 1966, Schoener 1971). In contrast, if prey is 105 
unpredictable and patchy, then predators must range further to find the necessary 106 
resource (MacArthur 1966, Schoener 1971).  107 
 108 
The Bunbury inner waters consist of a commercial shipping port, a dredged shipping 109 
channel, high-use areas for recreational water activities and dolphin-targeted 110 
tourism (Arcangeli and Crosti 2009, Jensen et al. 2009). Planned development 111 
projects in the area include a major waterfront development including a new marina, 112 
the addition of 250 boat pens, three new break walls and additional boat launching 113 
facilities (Landcorp 2013). Human activities can result in multiple stressors to 114 
dolphins, such as behavioural disturbance (acoustic and physical) from vessel 115 
activity, vessel strikes, entanglement in fishing gear and illegal food provisioning. 116 
Future research should focus on assessing cumulative impacts of human activities on 117 
dolphin behaviour, space and habitat use in the inner waters. Based on the 118 
documented sex-specific space and habitat use, male and female dolphins may differ 119 
in their susceptibility to threats (e.g., Lusseau 2003b, Symons et al. 2014, Weaver 120 
2015), and be impacted disproportionately (e.g., Crespo et al. 1997, Baird et al. 121 
2015). It is recommended that potential impacts of human activity on dolphins in 122 
Bunbury should be evaluated on a sex-specific basis. 123 
 124 
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Bottlenose dolphins are long-lived, have slow growth rates and low fecundity, thus 125 
they require long-term monitoring programs to provide sufficient statistical power to 126 
detect small rates of change in population trends (Fearnbach et al. 2012, Cheney et 127 
al. 2014). There is a growing number of long-term studies on bottlenose dolphins, 128 
and notable examples include studies for T. aduncus in Shark Bay, Australia (Connor 129 
et al. 2000), and for the common bottlenose dolphin (T. truncatus) in Sarasota Bay, 130 
USA (Wells 2014), Moray Firth, Scotland (Wilson et al. 1999) and the Little Bahama 131 
Bank, Bahamas (Fearnbach et al. 2012). Long-term studies can provide time series 132 
data for evaluating trends in abundance, movements correlated with climate change 133 
and can comprehensively inform conservation and management (Mann 2000a, 134 
Learmonth et al. 2006). The South West Marine Research Program is currently in its 135 
ninth year and information on dolphin abundance, demographic parameters, home 136 
ranges, habitat use and genetic connectivity and relatedness are now available for 137 
much of the population. The current level of field sampling conducted for this thesis 138 
is time-consuming, labour-intensive and financially demanding. As the ability to 139 
detect trends in abundance is critical when designing sampling protocols and making 140 
conservation decisions (Wilson et al. 1999, Thompson et al. 2000, Tyne et al. In 141 
prep), I recommend that boat-based photographic-identification monitoring be 142 
continued, and a power- and sensitivity analyses be conducted to identify the 143 
minimum level of sampling required to appropriately detect changes in population 144 
abundance and demographic parameters. 145 
 146 
This thesis offers insights into sex-specific differences in the abundance, 147 
demographic parameters, home range size, space and habitat use of Indo-Pacific 148 
bottlenose dolphins. The study provides details on seasonal movements of dolphins 149 
and discusses factors influencing these movements, including the complex 150 
interactions of mating strategies, prey availability, predation risk and environmental 151 
variables. Overall, this study enhances available knowledge of the variation in 152 
behavioural ecology found among bottlenose dolphin populations, and acts as a 153 
model and impetus for future sex-based studies.  154 
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Appendix 1 155 
 
Abundance modelling: Adult dataset (sexes combined, including unknown sexes) 156 
 157 
For comparison, analyses were conducted on a fourth dataset, which included all 158 
known adults in the population including those of unknown sex.  159 
 160 
Results 161 
 162 
In the adult only dataset (including unknown sex individuals), there were 164 highly 163 
or moderately distinctive dolphins (81 female, 46 male and 37 unknown sex). The 164 
best-fitting model for the adult only dataset differed from the the adult sex-specific 165 
models by having constant capture probabilities within primary periods; 166 
φ(.)γ’’(season)≠γ’(season)p=c(t,.) (Table A1.1). The number of marked adult dolphins 167 
( ̂ ) using the study area varied by season, with the lowest estimate of 26.10 (± 6.10 168 
SE; 95% CI 18.86-46.73) in spring 2009 and the highest estimate of 57.09 (± 51.0 SE, 169 
95% CI 20.24-281.55) in autumn 2007. The model gave a constant survival rate 170 
estimate of 0.99 (± 0.003 SE, 95% CI 0.98-0.10), which was the same for adult males. 171 
Capture probability had a mean of 0.19 (± 0.03 SE), with the highest probability in 172 
summer (0.27 ± 0.03 SE) and lowest in winter (0.11 ± 0.03 SE; Table A1.2, Figure 173 
A1.1). Temporary emigration rates varied between seasons. Values for γ” were 174 
lowest during winter to spring (0.01 ± 0.09 SE) and highest during spring to summer 175 
(0.31 ± 0.04 SE; Table A1.3). Values for γ’ were lowest from winter to spring (0.37 ± 176 
0.10 SE) and highest from summer to autumn (1.00 ± 0.00004 SE). The return rate of 177 
adult temporary emigrants into the study area from the super-population (1-γ’) was 178 
highest from winter to spring, suggesting that adults had a high probability to return 179 
into the study area during spring. The return rate was zero from summer to autumn, 180 
suggesting that any adults who were unobservable in summer would not come into 181 
the study area by autumn.  182 
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Table A1.1. Adults only. Two models removed as did not converge. Robust Design model summary in rank order, displaying apparent survival 
(φ), temporary emigration (γ”, γ’) and probability of capture (p) and recapture (c), for random (γ’’=γ’), Markovian (γ’’≠γ’) and no movement 
(γ’’0=γ’0) models. 
Models Constraints AICc AICc AICc weight Parameters Deviance 
φ(.) γ’’(season)≠γ’(season) p=c(t,.)  2824.701 0.000 0.784 59 5312.246 
φ(.) γ’’(season)≠γ’(.) p=c(t,.)  2827.275 2.57 0.216 56 5321.442 
Φ(t) γ’’(season)≠γ’(season) p=c(t,.)  2864.875 40.17 0.000 82 5300.466 
φ(t) γ’’(season)≠γ’(.) p=c(t,.)  2867.640 42.94 0.000 79 5310.128 
φ(.) γ’’(season)≠γ’(season) p=c(t,s)  4528.095 1703.3 0.000 173 13273.030 
φ(t) γ’’(t)≠γ’(t) p=c(t,s)  γ”k = γ”k-1, y’k = γ’k-1 4529.689 1704.9 0.000 233 13100.658 
φ(.) γ’’(.)≠γ’(t) p=c(t,s)  4550.020 1725.3 0.000 189 13250.577 
φ(t) γ’’(season)≠γ’(season) p=c(t,s)  4552.076 1727.3 0.000 196 13232.774 
φ(t) γ’’(t)≠γ’(.) p=c(t,s γ”k = γ”k-1 4561.935 1737.2 0.000 212 13196.188 
φ(.) γ’’(season)≠γ’(.) p=c(t,s)  4574.988 1750.2 0.000 170 13328.091 
φ(t) γ’’(.)≠γ’(t) p=c(t,s)    γ'k = γ’k-1 4581.409 1756.7 0.000 211 13218.609 
φ(.) γ’’(.)≠γ’(.) p=c(t,s)  4598.037 1773.3 0.000 167 13359.260 
φ(t) γ’’(.)≠γ’(.) p=c(t,s)  4620.077 1795.3 0.000 190 13317.814 
φ(.) γ’’(t)=γ’(t) p=c(t,s)  4710.092 1885.3 0.000 189 13410.649 
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φ(t) γ’’(t)=γ’(t) p=c(t,s)  γ”k = γ”k-1, y’k = γ’k-1 4721.546 1896.8 0.000 211 13358.746 
φ(.) γ’’(.)=γ’(.) p=c(t,s)  4751.207 1926.5 0.000 166 13515.127 
φ(t) γ’’(.)=γ’(.) p=c(t,s)  4760.777 1936.0 0.000 189 13461.334 
φ(t) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 5130.982 2306.2 0.000 188 13834.354 
φ(.) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 5141.960 2317.2 0.000 165 13908.571 
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Table A1.2: Estimates of capture probability (mean and standard error) for adults 
only, compared to adults and juveniles combined (excluding calves), adult females 
and adult males. 
Dataset Adults only Adults and juveniles Adult females Adult males 
Range 0.06-0.38 0.05-0.61 0.074 - 0.74 0-0.65 
Mean 0.19 (0.03) 0.27 (0.04) 0.32 (0.07) 0.21 (0.06) 
 
 
 
Figure A1.1: Mean estimates of capture probability (± SE) per season for adults only, 
compared to adults and juveniles (excluding calves), adult female and adult males. 
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Table A1.3. Temporary emigration rates and standard errors by season for adults only (including those of unknown sex), in comparison to 
adults and juveniles combined, adult females and adult males. The highest values are displayed in bold and the lowest values are italicised for 
the probability of being out of the study area if the individual was present (γ”) or absent (γ’) in the previous secondary period. 
 
Adults only 
Adults and 
juveniles 
Adult females Adult males 
Temporary 
emigration 
Y” Y’ Y” Y’ Y” Y’ Y” Y’ 
Autumn- 
winter 
0.178 
(0.068) 
0.678 
(0.122) 
0.248 
(0.061) 
0.736 
(0.073) 
0.264 
(0.039) 
0.766 
(0.057) 
0.213 
(0.069) 
0.666 
(0.107) 
         
Winter- 
spring 
0.012 
(0.089) 
0.369 
(0.105) 
0.006 
(0.004) 
0.426 
(0.008) 
0.112 
(0.035) 
0.467 
(0.059) 
0.057 
(0.081) 
0.376 
(0.089) 
         
Spring-
summer 
0.307 
(0.042) 
0.379 
(0.080) 
0.135 
(0.047) 
0.571 
(0.142) 
0.099 
(0.026) 
0.469 
(0.084) 
0.318 
(0.042) 
0.381 
(0.074) 
         
Summer- 
autumn 
0.078 
(0.037) 
1.000 
(0.00005) 
0.138 
(0.058) 
0.928 
(0.006) 
0.131 
(0.031) 
0.997 
(0.089) 
0.086 
(0.038) 
1.000 
(0.00002) 
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Appendix 2 1 
 
Association analysis of adult males: Background and methods 2 
  3 
The analysis on the adult male dataset included individuals that were of unknown 4 
sex but were highly likely to be males due to their preferred associations with other 5 
known males. Most coastal bottlenose dolphin populations live in fission-fusion 6 
societies where sex-specific bonds exist (Wells et al. 1987, Connor et al. 2000, 7 
Connor et al. 2001). Males may form alliances with other males, and in Shark Bay, 8 
Australia, adult males in pairs and trios are known as first-order alliances, forming 9 
strong bonds with association indices ranging from 0.07 to 1 (0= never associated to 10 
1= always associated; Connor et al. 1992a, Connor et al. 2000). When groups of two 11 
or more alliances come together, they are termed second-order alliances with 12 
moderately strong associations (0.02-0.06 associations coefficient; Connor et al. 13 
1992b, Smolker et al. 1992). During social analyses, not all individuals are of known 14 
sex (e.g., have been biopsied; Morteo et al. 2014), however associations are still 15 
labelled as strong bonds or male alliances due to behavioural attributes (Gero et al. 16 
2005). In addition to behavioural attributes (e.g., Connor et al. 2006), adult males are 17 
generally more heavily scarred and tattered than adult females (Scott et al. 2005, 18 
Rowe and Dawson 2009, Marley et al. 2013). 19 
 20 
Association indices were estimated according to the Half-Weight Index (Cairns and 21 
Schwager 1987) using SOCPROG 2.4 (Whitehead 2009). Calves and unidentified 22 
individuals were not included in analyses. Individuals seen more than four times 23 
were included in calculating association indices (Whitehead 2008a). Individuals were 24 
considered associated if they were photographed in the same group on the same 25 
day. Individuals with an association index >0.7 were used in analysis. 26 
 27 
To show social differentiation in the population, the coefficient of variation was 28 
estimated. A coefficient of variation ≤0.3 indicates there are homogeneous 29 
associations, and a value ≥0.5 indicates a well-differentiated associations in the 30 
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population (≥2 = extremely differentiated (Whitehead 2008b, Whitehead 2008a). 31 
Additionally, the correlation between true and estimated association indices 32 
(Pearson’s correlation coefficient) was calculated to measure accuracy in data 33 
representation (Whitehead 2008a). A value close to 1 indicates an excellent 34 
representation, ~0.8 is a good representation that is reliable, whilst ~0.4 is 35 
somewhat representative (Whitehead 2008a, Whitehead 2008b). To test if male 36 
associations were stronger than female associations, a Mantel test with 1000 37 
permutations was conducted.  38 
 39 
Results 40 
 41 
Results showed extreme social differentiation in the population (2.575) and a good- 42 
excellent representation of the data (0.944). Association indices within sex classes 43 
were higher than those between sex classes (Mantel test p = 1, t = 11.7827). Males 44 
formed stronger associations than females (observed mean 0.06 vs 0.04, 45 
respectively; Table A2.1). Males had an observed mean of maximum (0.53 ± 0.23). 46 
There were 13 individuals that had association indices ≥0.7 within a pair or trio, and 47 
were added into the adult male abundance model dataset. A value of ≥0.7 indicated 48 
that they were in a first-order male alliance (Connor et al. 1992b). 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
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Table A2.1. Observed mean Half-Weight Indices. Standard deviation in parentheses. 63 
Sex class Observed mean 
 
Observed mean # of 
associates 
Observed 
mean of maximum 
f 0.03(0.01) 8.80 (3.60) 0.45(0.21) 
m 0.04 (0.02) 10.98 (3.68) 0.59 (0.20) 
f-f 0.04 (0.02) 4.88 (1.96) 0.35 (0.16) 
f-m 0.03 (0.02) 2.21 (1.46) 0.23 (0.13) 
m-f 0.03 (0.02) 3.18 (1.81) 0.28 (0.14) 
m-m 0.06 (0.03) 5.60 (1.97) 0.53 (0.23) 
Within 0.04 (0.03) 4.48 (2.09) 0.40 (0.21) 
Between 0.03 (0.01) 4.67 (2.20) 0.42 (0.21) 
Overall 0.03 (0.02) 9.14 (3.69) 0.51 (0.21) 
 64 
Limitations 65 
 66 
The aim in abundance modelling using the Robust Design was to have at least 50 67 
individuals for each sex category to ensure precision and accuracy of model runs. 68 
However, we were strict with the individuals that could be included. For example, 69 
only included individuals that were adults throughout the duration of the study were 70 
included, thereby preventing heterogeneity from different age classes. To support 71 
the studies male sample size, 13 suspected males that were considered to be males 72 
based on preferred associations with known males (>0.7 HWI) were included. 73 
Similarly, in other ecological field studies, behavioural cues (such as courtship 74 
behaviour) are commonly used to estimate sex-specific population parameters for 75 
monomorphic species (Pradel et al. 2008). Other studies also incorporate the 76 
predicted sex of individuals into analyses (Conroy et al. 1999) or account for 77 
uncertainty in the assessment of sex by introducing probability of errors.  78 
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Appendix 3 79 
 
Robust Design capture probability results 80 
 81 
For all datasets, capture probability was highest during the summer (Figure A3.1). 82 
For the adult and juvenile population, capture probability had a mean of 0.27 (± 0.04 83 
SE), with a high in summer (0.31 ± 0.04 SE) and a low in autumn (0.24 ± 0.04 SE). 84 
Capture probability of adult females had a mean of 0.32 (± 0.07 SE), with a high in 85 
summer (0.37 ± 0.07 SE) and a low in autumn (0.27 ± 0.07 SE). Across all seasons, 86 
capture probability for males was lower than for adult females, with a mean of 0.21 87 
(± 0.06 SE), a high in summer (0.27 ± 0.07 SE) and a low in winter (0.13 ± 0.05 SE). 88 
 89 
 90 
Figure A3.1: Mean estimates of capture probability (± SE) per season for the adult 91 
and juvenile population (excluding calves), adult females and adult males. 92 
 93 
Discussion: Capture probability varied by season and was sex-specific 94 
 95 
Capture probabilities and sighting frequencies fluctuated by season and were highest 96 
during the summer, which coincided with the breeding season. Across all seasons, 97 
capture probabilities and sighting frequencies for males were lower than for 98 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Summer Autumn Winter Spring
C
ap
tu
re
 P
ro
b
ab
ili
ty
 
Season 
Adult and juvenile
Adult female
Adult male
Appendices: Abundance and population parameters 
 118 
females, suggesting that males are less likely to be encountered than females, 99 
especially during winter. Lower capture probabilities for adult males could be 100 
explained by lower sighting frequencies and larger home ranges than females 101 
(Sprogis et al. In press; Chapter 3).  102 
 103 
It is a model assumption that capture probabilities between individuals within 104 
sampling events are homogenous. However, capture probabilities may be 105 
heterogeneous due to intrinsic differences among individuals related to sex, age or 106 
social status (Crespin 2008). Intrinsic heterogeneity conveys interesting biological 107 
information, and should be distinguished from extrinsic heterogeneity that is 108 
brought on by study design (Crespin 2008), i.e. home range location in relation to 109 
study area position (Pollock et al. 1990). The adult sex-specific model addressed the 110 
assumption of homogeneity in capture probabilities, at least in terms of sex and age 111 
differences, as model parameters were calculated separately for each adult of 112 
known sex. By not taking this capture bias into account, the true abundance of 113 
individuals may be underestimated and capture probability overestimated (Pollock 114 
et al. 1990; Williams et al. 2002). 115 
Appendices: Abundance and population parameters 
 119 
Appendix 4 116 
 
 117 
Figure A4.1. Number of individually marked dolphins (Q1 and Q2, D1 and D2) identified in each secondary period from March 2007-April 2013. 118 
Three datasets were included: adults and juveniles combined (including individuals for which sex had not been determined; calves excluded); 119 
adult females; and adult males.  120 
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Appendix 5 121 
 
Table A5.1. Robust Design model summary in rank order, displaying apparent survival (φ), probability of capture (p) and recapture (c) and 122 
random (γ’’=γ’), Markovian (γ’’≠γ’) and no movement (γ’’=γ’=0) models, for the three data sets: a) adults and juveniles combined, b) adult 123 
females and c) adult males. 124 
 125 
a) Adults and juveniles combined including individuals for which sex had not been determined. 126 
Models Constraints AICc AICc AICc weight Parameters Deviance 
φ(.) γ’’(t)≠γ’(t) p=c(t,s)  4345.873 0.000 0.999 212 19724.587 
φ(.) γ’’(t)≠γ’(.) p=c(t,s)  4366.309 20.44 0.000 190 19808.507 
φ(.) γ’’(season)≠γ’(season) p=c(t,s)  4366.550 20.68 0.000 173 19855.946 
φ(t) γ’’(t)≠γ’(t) p=c(t,s) γ”k = γ”k-1, y’k = γ’k-1 4379.721 33.85 0.000 233 19695.151 
φ(t) γ’’(season)≠γ’(season) p=c(t,s)  4387.850 41.98 0.000 196 19813.009 
φ(t) γ’’(t)≠γ’(.) p=c(t,s) γ”k = γ”k-1 4398.774 52.90 0.000 212 19777.488 
φ(.) γ’’(.)≠γ’(t) p=c(t,s)  4401.722 55.85 0.000 189 19846.739 
φ(.) γ’’(season)≠γ’(.) p=c(t,s)  4409.983 64.11 0.000 170 19907.546 
φ(t) γ’’(.)≠γ’(t) p=c(t,s) γ’k = γ’k-1 4434.169 88.30 0.000 211 19815.829 
φ(.) γ’’(.)≠γ’(.) p=c(t,s)  4445.298 99.43 0.000 167 19950.982 
φ(t) γ’’(.)≠γ’(.) p=c(t,s)  4467.785 121.91 0.000 190 19909.982 
φ(.) γ’’(t)=γ’(t) p=c(t,s)  4666.601 320.73 0.000 189 20111.619 
φ(t) γ’’(t)=γ’(t) p=c(t,s) γ”k = γ”k-1, y’k = γ’k-1 4669.236 323.36 0.000 211 20050.897 
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φ(.) γ’’(season)≠γ’(season) p=c(t,.)  4714.332 368.46 0.000 59 20483.989 
φ(t) γ’’(season)≠γ’(season) p=c(t,.)  4723.497 377.62 0.000 82 20441.200 
φ(.) γ’’(.)=γ’(.) p=c(t,s)  4732.622 386.75 0.000 166 20241.002 
φ(t) γ’’(.)=γ’(.) p=c(t,s)  4735.133 389.26 0.000 189 20180.151 
φ(.) γ’’(seasonal)≠γ’(.) p=c(t,.)  4756.175 410.30 0.000 56 20532.455 
φ(t) γ’’(seasonal)≠γ’(.) p=c(t,.)  4767.268 421.39 0.000 79 20491.868 
φ(.) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 5212.913 867.04 0.000 188 20660.745 
φ(t) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 5232.684 886.81 0.000 165 20743.756 
 127 
b) Adult female dataset. 128 
Models Constraints AICc AICc AICc weight Parameters Deviance 
φ(.) γ’’(season)≠γ’(season) p=c(t,s)  3657.070 0.000 0.999 172 7454.574 
φ(.) γ’’(.)≠γ’(t) p=c(t,s)  3680.995 23.93 0.000 188 7434.208 
φ(.) γ’’(season)≠γ’(.) p=c(t,s)  3681.032 23.96 0.000 169 7486.688 
φ(t) γ’’(season)≠γ’(season) p=c(t,s)  3685.522 28.45 0.000 195 7418.915 
φ(.) γ’’(t)≠γ’(t) p=c(t,s)  3690.062 32.99 0.000 211 7377.104 
φ(.) γ’’(t)≠γ’(.) p=c(t,s)  3694.948 37.88 0.000 189 7445.346 
φ(.) γ’’(.)≠γ’(.) p=c(t,s)  3696.021 38.95 0.000 166 7509.782 
φ(.) γ’’(season)≠γ’(season) p=c(t,.)  3703.506 46.44 0.000 59 7778.544 
φ(t) γ’’(.)≠γ’(t) p=c(t,s) γ'k = γ’k-1 3717.458 60.39 0.000 210 7407.44 
φ(t) γ’’(season)≠γ’(season) p=c(t,.)  3720.068 63.00 0.000 82 7743.152 
φ(.) γ’’(.)≠γ’(.) p=c(t,s)  3720.928 63.86 0.000 189 7471.327 
φ(t) γ’’(t)≠γ’(.) p=c(t,s) γ”k = γ”k-1 3726.812 69.74 0.000 211 7413.853 
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φ(.) γ’’(season)≠γ’(.) p=c(t,.)  3728.142 71.07 0.000 56 7809.803 
φ(t) γ’’(t)≠γ’(t) p=c(t,s) γ”k = γ”k-1, y’k = γ’k-1 3731.192 74.12 0.000 232 7355.078 
φ(t) γ’’(season)≠γ’(.) p=c(t,.)  3745.575 88.51 0.000 79 7775.556 
φ(.) γ’’(t)=γ’(t) p=c(t,s)  3818.421 161.35 0.000 188 7571.634 
φ(.) γ’’(.)=γ’(.) p=c(t,s)  3819.650 162.58 0.000 165 7636.102 
φ(t) γ’’(.)=γ’(.) p=c(t,s)  3833.439 176.37 0.000 188 7586.652 
φ(t) γ’’(t)=γ’(t) p=c(t,s) γ”k = γ”k-1, y’k = γ’k-1 3834.905 177.84 0.000 210 7524.887 
φ(.) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 4090.068 433.00 0.000 165 7906.52 
φ(t) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 4098.656 441.59 0.000 188 7851.869 
 129 
c) Adult male dataset. Two models removed as they did not converge. 130 
Models Constraints AICc AICc AICc weight Parameters Deviance 
 φ(.) γ’’(season)≠γ’(season) p=c(t,s)  2583.514 0.00 0.800 173 4790.797 
φ(.) γ’’(season)≠γ’(.) p=c(t,s)  2586.779 3.27 0.156 170 4802.230 
φ(.) γ’’(.)≠γ’(.) p=c(t,s)  2589.317 5.80 0.044 167 4812.888 
φ(.) γ’’(.)≠γ’(t) p=c(t,s)  2604.497 20.98 0.000 189 4767.402 
φ(.) γ’’(.)=γ’(.) p=c(t,s)  2611.146 27.63 0.000 166 4837.414 
φ(.) γ’’(t)=γ’(t) p=c(t,s)  2613.136 29.62 0.000 188 4778.856 
φ(t) γ’’(season)≠γ’(season) p=c(t,s)  2636.028 52.51 0.000 196 4779.075 
φ(t) γ’’(t)≠γ’(.) p=c(t,s) γ”k = γ”k-1 2637.235 53.72 0.000 211 4736.783 
φ(t) γ’’(.)≠γ’(.) p=c(t,s)  2638.328 54.81 0.000 190 4798.413 
φ(t) γ’’(t)≠γ’(t) p=c(t,s)  γ”k = γ”k-1, y’k = γ’k-1 2640.137 56.62 0.000 232 4676.529 
φ(t) γ’’(.)≠γ’(t) p=c(t,s)  γ'k = γ’k-1 2656.052 72.54 0.000 211 4755.600 
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φ(t) γ’’(.)=γ’(.) p=c(t,s)  2656.893 73.38 0.000 189 4819.798 
φ(t) γ’’(t)=γ’(t) p=c(t,s)   γ”k = γ”k-1, y’k = γ’k-1 2658.620 75.11 0.000 210 4761.109 
φ(.) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 2715.902 132.39 0.000 165 4944.861 
φ(t) γ’’0=γ’0 p(t)=c(t,s) γ’’= γ’=0 2747.662 164.15 0.000 188 4913.382 
φ(.) γ’’(season)≠γ’(season) p=c(t,.)  2824.701 241.19 0.000 59 5312.246 
φ(.) γ’’(season)≠γ’(.) p=c(t,.)  2827.275 243.76 0.000 56 5321.442 
φ(t) γ’’(season)≠γ’(season) p=c(t,.)  2864.875 281.36 0.000 82 5300.466 
φ(t) γ’’(season)≠γ’(.) p=c(t,.)  2867.640 284.13 0.000 79 5310.128 
 131 
 132 
 133 
 134 
 135 
 136 
 137 
 138 
 139 
 140 
 141 
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Appendix 6 142 
 
Table A6.1. Abundance estimates of marked individuals  ̂  and corrected abundance estimates  ̂total, for the best-fitting model (φ(.) 143 
γ’’(t)≠γ’(t) p=c(t,s)) for the adults and juveniles combined dataset, with mark rate ( ̂), number of individuals (n) used to calculate corrected 144 
standard errors (SE) and 95% confidence intervals (95% CI).  145 
 146 
Year Season Mark rate n  ̂  SE 95% CI 
lower 
95% CI 
upper 
 ̂total SE 95% CI 
lower 
95% CI 
upper 
2007 Autumn 0.814 112 116.76 25.54 84.01 190.78 143.44 31.93 93.22 220.73 
Winter 0.814 112 89.85 13.39 70.99 125.67 110.38 17.08 81.66 149.22 
Spring 0.814 112 123.94 17.46 98.26 168.87 152.26 22.36 114.36 202.73 
2008 Summer 0.814 177 142.55 3.55 137.91 152.67 157.86 6.51 145.60 171.15 
Autumn 0.903 177 136.29 8.47 123.47 157.54 150.93 10.62 131.51 173.21 
Winter 0.903 177 115.19 6.72 105.70 133.10 127.57 8.54 111.90 145.44 
Spring 0.903 177 158.32 12.24 139.27 188.27 175.33 14.74 148.74 206.67 
2009 Summer 0.903 186 138.05 2.65 134.92 146.29 160.71 6.02 149.34 172.94 
Autumn 0.859 186 158.53 3.93 153.18 169.38 184.55 7.49 170.44 199.82 
Winter 0.859 186 65.48 3.20 61.90 75.84 76.23 4.46   67.99  85.48 
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Spring 0.859 186 102.71 7.21 92.52 121.92 119.57 9.23 102.81 139.07 
2010 Summer 0.859 171 148.01 3.13 144.03 157.18 184.78 7.32 170.97 199.70 
Autumn 0.801 171 126.10 6.95 116.11 144.33 157.43 10.15 138.76 178.60 
Winter 0.801 171 121.96 8.95 108.89 145.14 152.26 12.28 130.03 178.30 
Spring 0.801 171 139.13 6.00 130.49 154.89 173.70 9.49 156.07 193.31 
2011 Summer 0.801 174 122.68 2.28 120.20 130.27 146.23 5.57 135.72 157.55 
Autumn 0.839 174 154.15 7.99 141.99 174.10 183.73 11.31 162.86 207.28 
Winter 0.839 174 109.61 7.54 98.81 129.50 130.64 9.98 112.49 151.72 
Spring 0.839 174 119.53 7.37 109.21 139.36 142.47 9.98 124.21 163.42 
2012 Summer 0.839 147 152.73 8.42 140.37 174.42 180.75 11.91 158.87 205.64 
Autumn 0.845 147 132.43 9.34 118.77 156.60 156.72 12.42 134.20 183.02 
Winter 0.845 147 115.57 6.07 106.94 131.69 136.77 8.72 120.71 154.96 
Spring 0.845 147 94.55 4.42 88.79 107.20 111.89 6.61 99.66 125.61 
2013 Summer 0.845 118 116.88 3.47 112.45 126.99 137.18 6.87 124.36 151.32 
Autumn 0.852 118 112.04 15.16 91.19 153.43 131.51 18.57 99.85 173.20 
 147 
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Appendix 7 148 
 
JAGS code for home range Bayesian mixture model 149 
 150 
# model one: constant sigma 151 
model{ 152 
interceptz[1] ~ dnorm(0,0.0001) # group 1 intercept (female) 153 
interceptz[2] ~ dnorm(0,0.0001) # group 1 intercept (female) 154 
betasexm ~ dnorm(0,0.001) # marginal effect of being male 155 
sigma2[1] ~ dunif(0,10) # sigma2 for group 1 156 
sigma2[2] ~ dunif(0,10) # sigma2 for group 1 157 
tau[1] <- pow(sigma2[1],-1) 158 
tau[2] <- pow(sigma2[2],-1) 159 
Z_mvp[1:N] ~ dmnorm(muzero[1:N],INV_hw[1:N,1:N]) 160 
for(i in 1:N){ 161 
# pgrp[i,1] <- pow(1+exp(-1*Z_mvp[i]),-1) 162 
  probit(pgrp[i,1]) <- Z_mvp[i] 163 
  pgrp[i,2] <- 1-pgrp[i,1] 164 
  grp[i] ~ dcat(pgrp[i,1:2]) 165 
  mu.effect[i] <- interceptz[grp[i]] + betasexm*sexm[i] 166 
  y[i] ~ dnorm(mu.effect[i],tau[grp[i]]) 167 
  y_new[i] ~ dnorm(mu.effect[i],tau[grp[i]]) 168 
  sq[i] <- pow((y[i]-mu.effect[i])*sqrt(tau[grp[i]]),2) # pearson square resid 169 
  sqsim[i]<- pow((y_new[i]-mu.effect[i])*sqrt(tau[grp[i]]),2) 170 
} 171 
# posterior check 172 
ssq <- sum(sq[1:N]) 173 
ssqsim <- sum(sqsim[1:N]) 174 
test <- step(ssqsim - ssq) 175 
} 176 
 177 
# model two: 178 
model{ 179 
interceptz[1] ~ dnorm(0,0.0001) # group 1 intercept (female) 180 
interceptz[2] ~ dnorm(0,0.0001) # group 1 intercept (female) 181 
betasexm ~ dnorm(0,0.001) # marginal effect of being male 182 
sigma2[1,1] ~ dunif(0,10) # sigma2 for group 1 female 183 
sigma2[1,2] ~ dunif(0,10) # sigma2 for group 1 male 184 
sigma2[2,1] ~ dunif(0,10) # sigma2 for group 2 female 185 
sigma2[2,2] ~ dunif(0,10) # sigma2 for group 2 male 186 
tau[1,1] <- pow(sigma2[1,1],-1) 187 
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tau[1,2] <- pow(sigma2[1,2],-1) 188 
tau[2,1] <- pow(sigma2[2,1],-1) 189 
tau[2,2] <- pow(sigma2[2,2],-1) 190 
Z_mvp[1:N] ~ dmnorm(muzero[1:N],INV_hw[1:N,1:N]) 191 
for(i in 1:N){ 192 
# pgrp[i,1] <- pow(1+exp(-1*Z_mvp[i]),-1) 193 
  probit(pgrp[i,1]) <- Z_mvp[i] 194 
  pgrp[i,2] <- 1-pgrp[i,1] 195 
  grp[i] ~ dcat(pgrp[i,1:2]) 196 
  mu.effect[i] <- interceptz[grp[i]] + betasexm*sexm[i] 197 
  y[i] ~ dnorm(mu.effect[i],tau[grp[i],sexm[i]+1]) 198 
  y_new[i] ~ dnorm(mu.effect[i],tau[grp[i],sexm[i]+1]) 199 
  sq[i] <- pow((y[i]-mu.effect[i])*sqrt(tau[grp[i],sexm[i]+1]),2) 200 
  sqsim[i]<- pow((y_new[i]-mu.effect[i])*sqrt(tau[grp[i],sexm[i]+1]),2) 201 
} 202 
# posterior check 203 
ssq <- sum(sq[1:N]) 204 
ssqsim <- sum(sqsim[1:N]) 205 
test <- step(ssqsim - ssq) 206 
} 207 
' 208 
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Appendix 8 209 
 
Benthic habitat type processing 210 
 211 
Understanding the fine-scale complexity of the study area requires information 212 
about the benthic habitat. Benthic habitat type has been included as a variable in 213 
cetacean-habitat studies through broad habitat descriptions created in GIS (Parra 214 
2006, Garaffo et al. 2007, Cribb et al. 2013), in-field sampling (Torres et al. 2008, 215 
Eierman and Connor 2014) and satellite-derived and field-validated benthic habitat 216 
maps (Smith 2012). Satellite-derived benthic habitat maps are commonly used in 217 
clear tropical waters for coral reef communities (e.g., Kobryn et al. 2013). Fewer 218 
studies have been applied in temperate regions, and crucial data can be provided 219 
from high resolution multispectral sensors (e.g., Reshitnyk et al. 2014). In this study, 220 
new, high-resolution multispectral satellite imagery was used that extended over the 221 
540 km2 study area, notably larger than the area covered by the previous imagery 222 
used by Smith (2012). Mapping of benthic habitats through validation of satellite 223 
imagery involves multiple components, including the outlined steps below of 224 
satellite image processing and classification, validation and image classification. 225 
 226 
Satellite image processing and classification     227 
 228 
Benthic habitat maps were created from high-resolution satellite imagery (Rapid 229 
Eye). The imagery had 7 m resolution and was multispectral (with near infra-red, red, 230 
green, blue bands) taken at 11 am, 20th October 2011 (image chosen as had no cloud 231 
cover and minimal sun glitter). Satellite imagery was corrected for atmospheric, seas 232 
surface and water column impacts, including depth using the Modular Inversion and 233 
Processing System (Heege and Fischer 2004). The corrected imagery was used for 234 
the subsequent analysis (Figure A8.1). 235 
 236 
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 237 
Figure A8.1: Rapid Eye Satellite imagery over the Bunbury study area that was used 238 
to create the benthic habitat map. Imagery courtesy of Eomap. 239 
 240 
Benthic habitat validation  241 
 242 
To validate the satellite imagery, multiple validation points were taken across the 243 
study area following the drop down camera methods from Tyne et al. (2010; Figure 244 
2). An underwater black and white camera was used to take images of a 1 x 1 m 245 
quadrat in 1.5–16 m of water. Habitat validation was undertaken in 2009, 2012 and 246 
2013. There were 185 images (60, 78 and 47 images, in respective years) that were 247 
used and of good enough quality (e.g., images might not have been used due to high 248 
turbidity or lack of light penetration). In 2009, validation points were placed 249 
strategically along the inshore transect lines. In 2012 and 2013, additional points 250 
were taken as recommended by Congalton and Green (2009) and strategically placed 251 
over more complex environments. Validation points were taken during March and 252 
April, when the water clarity was at its best. Secchi disc measurements of turbidity 253 
during March and April were greater than during winter (mid-year), when water 254 
closer to the coast were highly turbid. Validation points were taken in good weather 255 
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conditions (Beaufort 1, low-no winds, minimal cloud cover). 256 
 257 
 258 
Figure A8.2: Benthic habitat validation points (black circles, n= 185) and insert of 259 
examples of underwater images of the 1 x 1 m quadrat.  260 
 261 
The Leschenault Estuary was difficult to sample adequately, as the water level in the 262 
estuary were generally shallower than the metal frame which held the camera (1.85 263 
m high). However, the benthic vegetation in the Leschenault Estuary was studied 264 
previously by Hillman et al. (2000) and included multiple species of seagrass and 265 
macroalgae. There is high biomass of macroalgae seagrass in the northern section 266 
and shallow portions of the estuary, whilst the central portion of the estuary is 267 
absent from vegetation and contains fine, muddy sediments (Hillman et al. 2000). 268 
 269 
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Following the same methods as Smith (2012), each validation point was rated post 270 
hoc for the percentage of habitat cover with the program Coral Point Count with 271 
Excel extensions (Kohler and Gill 2006). This program used a random point count 272 
methodology, which used 24 random points for each quadrat. Habitat types were 273 
broad and based at the class level, such as seagrass, sand, reef, algae or mud. From 274 
the percentages of habitat type within each quadrat, each image was classed as 275 
homogenous (>75% of the habitat type represented in the 1x1 quadrat) or mixed 276 
habitat (>50% of one habitat type, with a second habitat type present in equal or of 277 
a smaller proportion; Table A8.1).  278 
 279 
Table A8.1: Criteria for habitat types at habitat validation points used to inform the 280 
class labels from the unsupervised classification within a 1m2 quadrat. 281 
Habitat classes Habitat types Habitat description 
HOMOGENOUS 
Algae 
>75% of a single habitat type covering the 
quadrat.  
Seagrass 
Reef 
Sand 
Mud 
HETEROGENOUS 
Mud/silt 
>50% of one habitat type, with a second 
habitat type present in equal or a smaller 
proportion. 
Seagrass/sand 
Algae/sand 
Seagrass/algae 
Reef/algae 
 282 
Benthic habitat image classification 283 
 284 
Spectral reflectance signatures from satellite imagery are unique values that are 285 
used in image processing to differentiate between habitat types. The satellite 286 
imagery was used to discriminate between benthic types into broad classifications 287 
by running an unsupervised classification, which is a statistical method that groups 288 
pixels with similar spectral characteristics together. A k-means cluster analysis was 289 
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used, with 10 classes (sample pixels per cluster) and through the image processing 290 
software ENVI (ESRI©). Once pixels were assigned to groups, clustered pixels were 291 
assigned as different habitat types, which were then verified through habitat 292 
validation (Mumby and Green 2000). With further editing, classes that were similar 293 
in spectral reflectance were clumped together as one habitat class, as what is 294 
separable ecologically may not be easily separable spectrally. After which, for the 295 
final benthic habitat map, post classification smoothing with Majority analysis using 296 
a 7 x 7 cell size was conducted. 297 
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